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ABSTRACT

Allan, Matthew C. M.S., Purdue University, August 2014, Characterization of WaterSolid Interactions in Crystalline Ingredients and Development of Deliquescence
Measurement Recommendations. Major Professor: Lisa J. Mauer.
There are five major mechanisms of water-solid interactions. The primary focus of
this thesis was on two of these: deliquescence and hydrate formation. Many crystalline
food ingredients are deliquescent compounds (e.g., NaCl, sucrose, and ascorbic acid) and
some are both deliquescent and hydrate formers (e.g., glucose, thiamine HCl, citric acid).
Deliquescence is the first order phase transformation of a crystalline solid to a solution
above a critical relative humidity (RH) known as the deliquescence point (RH0). A
crystalline hydrate is a pseudo-polymorph in which water is incorporated into the crystal
structure, altering the molecular formula and the physical properties.
To design stable formulations, it is important to know the deliquescence points of
all ingredients present. Multiple approaches have been reported for determining the RH 0;
however, the discontinuity between methods may influence the reported values. The
objective of this study was to provide a comprehensive comparison of methods used to
measure the deliquescence points of single ingredients and blends. The effects of altering
sample preparation and experimental parameters on the measured deliquescence points
were determined using the following methods: water activity of saturated solutions,
gravimetric moisture sorption isotherms, dynamic dewpoint sorption profiles, and static
isopiestic methods. Significant differences (p<0.05) in measured deliquescence RHs were
found between different methods. Advantages, disadvantages, precision, accuracy, run
times, and costs of the different methods were summarized.
When two or more deliquescent ingredients are in contact, the deliquescence RH
of the blend, RH0mix, is always lower than the individual ingredient RH0s. The RH0mix has

xix
been be estimated using the Ross Equation, which assumes the presence of an ideal solution.
However, when the compounds in a blend share a common ion, a diminished deliquescence
lowering effect (higher than the Ross Equation predicted RH0mix) occurs. This can be
attributed to the common-ion effect. The diminished deliquescence lowering effect was
found in blends of organic and/or inorganic ingredients that shared a common ion (both
anion and cation), and higher deviations between the Ross Equation predicted RH0mix and
measured RH0mix increased with increasing number of ingredients. A new modified Ross
Equation was developed to compensate for the common-ion effect, and RH0mix predictions
using this equation correlate well with measured RH0mix values of blends with common
ions.
Deliquescence and hydrate formation are influenced by RH and temperature and
the boundaries can be plotted on a RH-Temperature phase diagram. Each deliquescent
hydrate forming ingredient has a minimum of three boundaries: the hydrate RH0, the
anhydrous RH0, and the hydrate formation boundaries. As temperature increases, the
hydrate formation RH boundary increases and the hydrate RH0 boundary decreases,
eventually intersecting. The intersection is known as the peritectic temperature. Above the
peritectic temperature the hydrate is no longer thermodynamically stable and an anhydrous
RH0 boundary is found. It was also shown that the anhydrous RH0 is a critical boundary
below the peritectic temperature as this is the point at which hydrate formation rapidly
increases. It was proven that the anhydrous form can deliquesce below the peritectic
temperature and RH0 of the hydrate. Upon deliquescence, rapid hydrate formation takes
place slowing down sorption kinetics. This is the first study to report not only the use of
water activity measurements to create RH-temperature phase diagrams, but also the RHtemperature phase diagrams of common food ingredients and the relationship of
deliquescence to hydrate formation behavior.
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CHAPTER 1. INTRODUCTION

1.1
1.1.1

Introduction

Water-Solid Interactions

The effects of water on dry ingredients are important interactions to understand in
order to avoid storage and processing issues. Exposure to higher relative humidities (RH)
has been shown to lead to undesirable changes such as powder clumping, increased
chemical reaction kinetics, and phase changes which can lead to many processing issues
(1-6). There are five major mechanisms of water-solid interactions: adsorption onto the
surface of the solid particle, capillary condensation, deliquescence, crystal hydrate
formation, and vapor absorption into the bulk of amorphous solids, as shown in Figure 1
(7, 8). Although known to affect product performance, the interactions of water with food
components are not always well understood at a fundamental level, especially in complex
systems such as food. The objectives of this thesis will focus on crystalline ingredients and
their interactions with water. However, an understanding of all the water-solid interactions
is important for optimizing the production and stability of dry solids.
Water-solid
interactions

Surface
interaction

Adsorption

Condensed Water

Deliquescence

Capillary
Condensation

Internalized Water

Absorption

Crystal Hydrate

Figure 1.1 The five types of water-solid interactions adapted from Mauer and Taylor (2010)
(8)
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1.1.2

Water

Water is a unique molecule that is vital for life and the quality of many food
products, but can be undesirable when in the wrong locations such as dry ingredients Water
behaves as an anomaly because its physical characteristics such as boiling point, freezing
point, its numerous solid states, specific heat, density, surface tension, and bonding
capabilities are abnormal compared to what is expected (9). Water interacts well with many
solids because it is capable of participating in up to 4 H-bonds and is also so abundant in
the environment that exposure of dry solids to water is inevitable(7). Since water is an
excellent solvent that promotes phase and chemical changes of solid materials, the study
of water-solid interactions is a never-ending field of research.
An important concept to understand is that the activity of water (known as water
activity or aw) is the driving force for the movement of water between the environment and
solids and for reactions to occur, and is not due to the moisture content differences. As
with all chemical interactions, the activity of a substance drives the reaction and this can
also be termed the chemical potential (μ). For water, μw is directly correlated with the
relative humidity (RH) and water activity (aw) as seen by Equation 1.1. The RH and aw are
both ratios of the sample’s vapor pressure divided by pure water’s vapor pressure
(100%RH). Since the driving force for reactions is the chemical potential of water, the
response to RH and aw is the main concern for water-solid interactions. Thus, in the food
industry for designing optimum processing conditions and, high quality products, it is
important to know the thermodynamically stable phase for a given temperature and RH
(Equation 1.1).

 p 
s    RT  ln s 
p0 

[Equation 1.1.](7, 8)

1.1.3 Solid State Characterization

There are two main states in which solids can exist: as a crystalline solid or an
amorphous solid. Crystalline solids are tightly packed, highly ordered three-dimensional
molecules that do not easily allow the internalization of water unless it is able to form a
crystalline hydrate (8). Crystalline solids have a long range order for which the crystal
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lattice structure can be seen by the visual crystal’s morphology (10). Using analytical
techniques such as X-Ray diffraction, a well-defined pattern (large peaks) of X-ray beam
refraction is present due to the long range molecular order. Due to tight packing of the
crystal, absorption is not possible but the other four water-solid interactions are and
dependent on the solid’s characteristics as well as the RH, and temperature.
An amorphous solid is a solid that has short range order with free volume within
the solid where absorption can take place. The crystalline state is the lowest energy state
while the amorphous solid is the metastable state of a solid which means there is a driving
force for a phase change because there is a difference in the Gibbs free energy of the
crystalline and amorphous state. The amorphous solid is pseudo stable because as a solid,
low molecular mobility is present and the activation energy needed for the conversion is
not present until the temperature or the RH increases to critical points. The short range
order can be noticed in a X-Ray diffraction patterns where there are no distinct peaks
because of the more disordered molecular arrangement (11). This difference in disorder
can also be noticed under a polarized light microscope where polarized light is able to pass
through a crystalline solid but is blocked by an amorphous solid. An example of a polarized
light microscope image exhibiting both the absence and presence of birefringence is a
smashed Skittle in Figure 2, where obvious difference are found between the crystalline
and amorphous regions.
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Figure 1.2. A Skittle under a polarized light microscope. The red circle surrounds a
crystalline solid, and the blue circle surrounds an amorphous region.

1.2

Types of Water-Solid Interactions
1.2.1

Adsorption

Adsorption is the water-solid interaction in which water interacts on the surface of
a solid. Adsorption only involves a few layers of water molecules collecting on the surface
and up to 4 layers of adsorbed water molecules have been observed before dissolution
(deliquescence) occurs (12). Water typically interacts with the surface by bonding via the
lone pairs on the oxygen molecule, which limits the mobility of water, arranging itself as
an ordered “ice” like structure on the surface of a crystal (13). Other water molecules begin
to interact with the first layer and a ordered 3-dimenstional water layer has been formed on
the surface of the crystal without the condensation of water (13).
A simple model that has been used to predict water adsorption on the surface of a
crystal is the BET equation. It measures the amount of water by weight on a dry solid in
relation to the environmental RH. The downfall with this model, is that it only extends to
the first layer of water molecules, and is not an accurate model above 35%RH (7). Overall,
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the amount of water adsorption is highly dependent on the RH the surface is exposed to
and the polarity of the surface(13). The aw on the surface will be constantly equilibrating
with the RH of the environment, and small changes of the amounts of adsorbed water will
drastically change the aw. In sorption profiles, the weight gain of adsorption is difficult to
measure as it is so small and most often less than the precision of the scale and measurable
weight gain in sorption profiles is due to the other four water-solid interactions. However,
water adsorption is present in all initial interactions of water with solids, while the other
four interactions may not always be present.
Adsorption usually does not cause any phase or chemical changes, but if it does, it
tends to have very slow kinetics as adsorbed water does not behave as a free moving liquid.
An undesirable effect of adsorption is when water molecules dissociate into H and OH free
radicals, since these radicals are highly unstable and can interact with the solid, this can
promote undesirable chemical reactions (7). However, a monolayer of water adsorbed to
the surface also has the potential to slow undesirable reactions such as lipid oxidation in
potato chips (14). In this case, the monolayer is theorized to help shield the lipids from
oxygen in the atmosphere.
1.2.2

Deliquescence

Deliquescence is a 1st order phase transformation of a crystalline solid to a solution
above a critical relative humidity. This critical relative humidity is known as the
deliquescence point (RH0), and at this point both the crystalline solid and the saturated
solution are thermodynamically stable. Below the RH0, water molecules adsorb to the
surface in a semi-organized fashion or condense in tight spaces (also known as capillary
condensation), as illustrated in Figure 1.3 (13). The solid does not go into solution even
though water is on the surface because the Gibbs free energy of the system is less as a solid
state compared to the solution, therefore thermodynamically favoring the solid state it is in
(15). Above the RH0, a solution is thermodynamically favorable and a saturated solution
will begin to form on the surface. When the RH is above the RH0, a difference between
the chemical potential (μ) of the solution on the crystals surface and water vapor in the
atmosphere is created, causing a driving force for water to collect in the saturated solution
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on the surface of the crystal (Equation 1.1) (7). Deliquescence continues because the water
condensing on the surface of the crystal allows for more of the solid to dissolve,
maintaining the aw that has a lower vapor pressure than the humidity. Since the a w is
constantly being lowered towards the aw of the saturated solution, the driving force for
water to collect in the solution will remain as long as the solute is present and the RH>RH0.
Eventually, complete dissolution will occur if the environmental RH is held above the RH0,
with increasing kinetics beyond the RH0 and the aw of the solution will then approach
equilibrium with the atmospheric vapor pressure(8).

Figure 1.3. A modified illustration from Mauer and Taylor, (2010) of water’s interaction
with a solid as RH increases. At RHs below the RH0, water adsorbs to the surface or
condenses in capillaries. Above the RH0, water begins to condense on the surface as seen
by the blue layer representing water in a solution state (8).

Many crystalline food ingredients are deliquescent compounds (e.g. NaCl, glucose,
sucrose, thiamine HCl, and monosodium glutamate). When two or more deliquescent
ingredients are in contact with one another (as seen in many food systems or storage of dry
blends) a decrease in the critical relative humidity is observed, and this lowered
deliquescence point is known as the RH0mix (16, 17). The RH0mix is always lower than the
individual ingredients RH0s and as shown by the Gibbs-Duhem Equation (Equation 1.2).
n1 dμ1 + n2 dμ2 + nw dμw = 0

[Equation 1.1.2](19)
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In a ternary system of two solutes and water (Equation 1.2), the chemical potential
of the first ingredient remains constant (μ1) but when the second ingredient is introduced,
it provides an additional source of chemical potential (μ2) to the system. Thus in response
to balance Equation 1.2, the chemical potential of water (μw) decreases even further upon
the addition of a second ingredient (18). A requirement of deliquescence lowering is
physical contact of the crystals while without crystal-crystal contact, the isolated crystals
will not deliquesce at the RH0mix (17). A theory for this requirement is deliquescence
lowering is dependent on capillary condensation to incorporate water between the crystalcrystal contact points in order for the thermodynamics of a ternary system (Equation 1.2)
to take place.
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Figure 1.4. Moisture Sorption Isotherms of NaCl, Fructose, and a 1:1 NaCl:Fructose blend.
The blend has a lower RH0mix than either of the individual ingredients’ RH0.
The RH0mix is consistent regardless of the blend’s ratio of ingredients because the
solutes will go into solution at the same composition above the blend’s RH0mix but below
the individual RH0s (17). This specific ratio is called the eutonic composition, which is the
composition of the saturated solution of the blend during deliquescence. Salameh and
others showed that citric acid and fructose blends deliquesce at the same RH regardless of

8
the ratio of ingredients (9:1 to 1:9) suggesting the RH0mix is independent of the overall
blend ratio (17, 19). The eutonic composition can be estimated assuming no interactions
between ingredients as the ratios of the individual compound solubilities (Equation 1.3)
(5). In theory, if a blend is at the eutonic composition, 100% of the solids will go into
solution when the RH>RH0mix (5, 17, 20). Most blends of ingredients will not be at the
eutonic composition so the excess compound will remain as a solid if the RH is below the
individual RH0s but above the RH0mix and this will lead to powder agglomeration but not
complete dissolution.
Eutonic Ratio (n1 ) =

n1
n1 +n2

[Equation 1.1.3](21)

The RH0mix can be estimated using equations such as the Ross Equation (Equation
1.4) where the aw of a saturated solution is interchangeable with the RH0 and RH0mix.

aW = (a°)1 (a°)2 (a°)3…

[Equation 1.1.4](22)

The Ross equation is a modification from Raoult’s law where the total number of solutes
effect the solution’s vapor pressure while assuming the solutes do not interact with each
other (21). With the assumption the solvates do not interact, deviations arise between the
measured RH0mix and the predicted RH0mix, because many ingredients do interact (17, 22).
Deviations can be due to chemical reactions (i.e. oxidation, hydrolysis, polymerization),
the compounds enhancing solubility of one another due to the Debye–Hückel theory,
tautomerization, or the common-ion effect (17, 20, 23, 24).
As seen in Equation 1.1 and the Clausius-Clapeyron equation, the RH0 is influenced
by temperature(18). The RH0 is dependent on temperature because the temperature
influences solubility and when the solubility increases with temperature, the RH0 will
decrease(25). Exceptions are compounds with a negative heat of solution, (e.g. anhydrous
sodium sulfate) where increasing temperatures cause a decrease in solubility (and therefore
an increase in the RH0) (26). Using these principles, the RH0 boundary on a RHTemperature diagram can be predicted using a known deliquescence point, solubility, and
the heat of solution (25).
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1.2.3

Capillary Condensation

Capillary condensation is the condensation of water at crystal-crystal contact points,
capillaries, or surface irregularities (e.g. cracks, defects) and for deliquescent solids, this
condensation occurs at RHs below the deliquescence point. According to the Kelvin
Equation, as the radius of the capillaries decrease, water will condense at lower RHs (1).
In these capillaries, microclimates are formed where the pressure is lower than the
surrounding environment. If the pressure is lowered below the vapor pressure of the
saturated solution, then condensation will occur (1). In theory, at crystal-crystal contact
points as the droplet radius approaches 0, at some distance between the crystals there will
be water condensation.
Capillary condensation, like all water-solid interactions, is driven by the chemical
potential of water or RH. The size of the capillary at which water will condense can be
estimated using the Kelvin equation (Equation 1.5).

[Equation 1.5](1, 28)
As seen in Equation 1.5, the aw at which capillary condensation occurs is affected by
factors such as temperature, wetting angle, and surface tension. The wetting angle and
surface tension are influenced by the surface properties (hydrophilic or hydrophobic) of
the solid. Due to the nature of the equation, with an increase of RH there is an exponential
increase of capillary size that will condense water. Even if the surface is not of a
deliquescent crystal, capillary condensation can still cause the compound to partially
dissolve in the condensed solution. This forms solution bridges between crystals, and upon
drying of the liquid bridges, the bridges resolidify. The bridges then hold the crystals
together and this causes dry solids to cake or clump even if the RH never reached the RH0
of a deliquescent solid (3).
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1.2.4 Comparing Adsorption, Capillary Condensation, and Deliquescence
When analyzing a Moisture Sorption Isotherm, deciphering the individual watersolid interactions may be challenging. There are 6 general types of moisture sorption
isotherms categorized by IUPAC(Figure 1.5) (28). Type I profiles have sharp rises of
weight change at specific RHs and plateaus in between the critical RHs while a Type II has
a sigmoidal appearance in which moisture uptake is always changing throughout the
different RHs. A Type III isotherm is characteristic of a deliquescent ingredient and are “J”
shaped because they tend to be weak adsorbents until a critical RH, then rapid weight gain
is observed. Type IV isotherms are similar to a Type II with a sigmoidal shape until a
maximum weight change where it becomes saturated and no additional weight gain is
observed at higher RHs. A Type V is similar to the Type III were a critical RH causes rapid
weight change but upon desorption, hysteresis is observed. Type VI is a pattern that has a
step wise sorption profile, where there are multiple critical RHs in the profile(28).
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Figure 1.5. Moisture Sorption Isotherm IUPAC Classifications, adapted from Rouquerol
and othes (2013).
To determine the type of moisture sorption isotherm, a sample is exposed to
multiple levels of RH and the weight uptake is recorded over time. With more RH steps,
the clearer the sorption profile will be. The traditional method, the Static Isopiestic Method,
has been used extensively in the last century where the samples are stored over saturated
ionic solutions (29-31). These solutions hold a fixed RH in the headspace but the isotherm
is limited to the RH steps in between each available salt solution. Newer methods such as
the Dynamic Vapor Sorption or Dynamic Dewpoint Sorption methods are able to measure
weight changes at a great number of RH steps, allowing to more precisely identify critical
RHs.
The patterns of moisture sorption relate to the hygroscopicity of the solid and
mechanisms of water-solid interaction. A moisture sorption profile of NaCl at 25°C (Figure
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1.6), in which adsorption, capillary condensation, and deliquescence are present.
Adsorption accounts for small amounts of water (<4 layers of water) and the weight change
is not detectable by the device. As the RH increases, at some threshold RH water begins to
collect (0.02-0.12% weight change) due to capillary condensation. In the capillary
condensation region of the isotherm, with each step in RH a small increase of weight gain
is noticed as the larger radiuses are able to condense water. The reported RH0 of NaCl is
75.3%RH (29) and at 76%RH, the RH0 is exceeded and significant moisture uptake is
observed and attributable to deliquescence. At RHs above 76%RH the kinetics have a
strong linear trend associated with deliquescence 1st order kinetics (Figure 1.7). At 75%RH,
weight gain is noticed but the kinetics do not fit with the other kinetics, suggesting this is
not deliquescence but due to capillary condensation.
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Figure 1.6.Water-Solid Interactions on a Moisture Sorption Isotherm of NaCl at 25°C.
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Figure 1.7. The difference between weight change kinetics of capillary condensation (7475%RH) and deliquescence (+76%RH) for NaCl at 25°C. Deliquesce is a 1st order phase
change, shown by the strong linear relationship of kinetics and RH between 76-79%RH.
1.2.5

Crystal Hydrates

Many food ingredients are crystalline solids, a few of which are capable of forming
crystalline hydrates at typical ambient conditions. A crystalline hydrate is a pseudopolymorph that forms when the crystal structure of a compound changes by incorporating
water. This is not to be confused with clathrate hydrates which are two component systems
where the water is literally trapped in a pocket (32) . By definition, a hydrate is technically
not a polymorph as it has a different molecular formula from the anhydrate, but since it is
the same compound by function, it is typically grouped as a polymorphs (32). The hydrate
forming compound without water is called the anhydrous form. Different stoichiometric
ratios of compound to water are possible with monohydrates (1 water: 1 compound), all
the way through decahydrates (10 water:1 compound).
The water molecule is stabilized in the crystal via H-bonding, creating different
crystal bond characteristics within the crystal (33, 34). These crystalline changes cause the
hydrate to have different physical properties from the anhydrous form. Physical properties
such as melting temperature, solubility, and chemical stability will all change upon a
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hydrate phase change. Typically, the anhydrous form is more soluble than its hydrate form.
This is because the hydrate is already intimately interacting with water and upon
dissolution, the release of the Gibbs free energy is smaller (smaller heat of solution) (35).
Another undesirable characteristic of unwanted hydrate formation or dehydration, is the
movement of the water while in dry storage. In dehydration events, the expelled water
molecules would be free to interact with other compounds present in the blend and promote
undesirable water-solid interactions such as recrystallization of amorphous solids,
increased degradation of labile ingredients, deliquescence, and/or powder clumping (3, 8,
36). When using hydrate-forming food ingredients, it is important to avoid undesirable
phase changes of hydrate formers throughout manufacturing and shelf-life by knowing and
avoiding the phase boundaries at which conversion is thermodynamically possible.
The driving force for the phase change between the anhydrous and hydrate(s) is a w
because the hydrate phase transformation is solution mediated (37). Because the crystal
structure is different between the hydrate and anhydrous forms, it is theorized the
anhydrous solid has to dissolve in order to break the bonds and reorient itself as the hydrate
form (38). Another way to look at the driving force for the anhydrate-hydrate transitions
is the difference in Gibbs free energy, and the direction of transitions is always to the lowest
energy state. As temperature and aw change, the Gibbs free energy of the hydrate and
anhydrous forms shift, eventually intersecting and the drive will be to maintain or convert
to the lowest energy state (38). From a molecular perspective, the reasons why hydrates
form are due to two primary reasons. One is that the anhydrous crystal has a poor packing
structure and water being such a small molecule, is able to act as a space filler. The other
reason is due to unsaturated H-bonding locations where water is able to interact at these
sites because of water’s ability to provide up to 4 hydrogen bonding sites (2 donor, 2
acceptor) (14, 38).
There are three main types of crystalline hydrates: isolated site, channel hydrates,
and ion-associated hydrates (37). These hydrates can be further classified as stoichiometric
or non-stoichiometric. Stoichiometric hydrates incorporate a fixed molar quantity of water,
while non-stoichiometric hydrates are channel hydrates that are able to incorporate
additional water molecules without converting to an additional polymorph (34). The
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isolated site hydrates incorporate water at stoichiometric amounts and the water molecules
are not in contact with one another. Channel hydrates are any hydrates where the water
molecules are in contact and to better classify the channel hydrates, there are two
subcategories, expanded channel and planar (37). The expanded channel hydrates have 3dimensional tunnels where water is incorporated into the crystalline structure. What is
unique about channel hydrates is that they are non-stoichiometric because the channels are
able to expand or contract up to 0.8 Å (32). The contraction depends on the amount of
water present in the channel, and the equilibrated quantity of water is dependent on the
relative humidity (RH), where higher RH can pack in more water (32). For the sake of
simplicity, expanded channel hydrates are still given a stoichiometric quantity in their
nomenclature (e.g. Thiamine HCl monohydrate). The planar channel hydrates have a 2dimensional plane of water and behave as a stoichiometric hydrate. Upon dehydration, not
all of the water will leave at once because of “inverse cooperativity” where the H-bonds
between water increase in strength as each molecule has fewer (e.g. going from 3-4 H-bond
down to 2-3 H bonds) (32) . The third type of hydrate is an ion-associated hydrate where a
metal ion is interacting with the water in the hydrate crystalline structure (37). The
interaction between the water molecule and the metal ion is typically stronger than the Hbonding in other hydrates, and it takes high levels of heat to dehydrate the hydrate (32).
Many ion associated hydrates are capable of multiple hydrate levels where there are several
stable stoichiometric hydrates. An example of this is Cobalt Chloride where it has a
dihydrate and hexahydrate, as seen in Figure 1.8.
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Figure 1.8. Moisture sorption isotherms of Cobalt Chloride at 15, 25, and 35℃. Two
hydration levels are observed with a trend of decreasing deliquescence RH and increasing
hydrate phase boundary RH with increasing temperatures.
Upon dehydration of the hydrate, the crystal structure can go back to the original
anhydrous structure or hold the same crystalline structure of the hydrate but without the
water, leaving empty caverns. After dehydration, some channel hydrates are capable of
holding the metastable crystalline form which is now a polymorph of the anhydrous
compound (32). A problem with the dehydrated channel hydrates is that they have a
tendency to become amorphous when the channels collapse without the structural support
of the water molecules (39). This is undesirable because the amorphous form is able to
absorb water at lower RHs than the deliquescence point (RH0), creating a more moisture
sensitive dry ingredient (8).
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1.2.5.1 Relative Humidity-Temperature Phase Diagrams
On an RH-Temperature phase diagram of a hydrate former, once the RH exceeds the
phase boundary between the hydrate and anhydrous forms, the anhydrous form is no longer
the most stable form and hydrate formation is favored (40). However, even beyond this
boundary, the anhydrous form can become metastable (common with organic hydrates) and
not convert into the hydrate because an activation energy is necessary for the phase change
(38). Overall, the RH hydrate phase boundary decreases with lower temperatures as less
energy is in the system. At cooler temperatures, water is able to form H-bonds more easily
with the host crystal as there is less molecular movement. As temperature increases, the
vibrational energy increases and the RH boundary increases, to the point at which the
hydrate form is no longer stable in isobaric conditions. While the hydrate phase boundary
is increasing with the temperature, the RH0 boundary between the hydrate solid and the
saturated solution decreases (25). In Figure 1.8, the RH0 decreases with increasing
temperature and the hydrate boundary increases, eventually intersecting at a triple point
where the anhydrous, hydrate, and saturated solution are all thermodynamically stable.
This temperature is known as the peritectic point or incongruent melting point at which
above this temperature the hydrate is no longer a thermodynamically stable form (41, 42).
At temperatures above the peritectic point, the hydrate is no longer stable which causes a
shift in the deliquescence boundary since it is now of the anhydrous form. This also effects
the solubility curve, where below this critical temperature the equilibrated solution is more
effected by temperature (greater heat of solution) but above the peritectic temperature, the
solubility is of the anhydrous form and less sensitive to temperature changes (smaller heat
of solution) (35, 42, 43).
The RH-Temperature phase diagram of a crystalline hydrate has a minimum of three
phase boundaries: the anhydrous RH0, hydrate(s) RH0, and hydrate formation boundary, all
of which are influenced by temperature. The effects of temperature on deliquescence can
be modeled using the heat of solution, solubility with temperature, and a reference
deliquescence point(25). By graphing the boundaries, it will serve as a reference for stable
RH and temperature conditions for the desired form of a compound. An example is Figure
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1.9 which is a RH-Temperature phase diagram of Citric Acid and more phase diagrams of
common ingredients are needed for the optimum quality of food products.
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Figure 1.9. RH-Temperature phase diagrams of Citric Acid. Solid black lines are the
modeled RH0 deliquescence boundary and the dashed black line is the continued boundary
under metastable conditions. Diamonds are measured RH0 values in the thermodynamically
stable form and X marks are the values measure in a metastable condition. The dotted line
is the calculated polynomial regression curve of the measured data’s boundary. The red
points are the anhydrous form while the blue points are the hydrate form. The black
triangles are measured hydrate phase boundary RHs with a regression line fixed at the
peritectic temperature.
1.2.6

Absorption

Absorption is the internalization of water into an amorphous solid. It is also used to
describe the plasticizing effect of water on the amorphous solids, lowering the glass
transition temperatures. The water is able to fill the free spaces within the amorphous solid,
providing more molecular mobility to the system, thereby enhancing chemical and phase
transformations such as degradation and or recrystallization (44). The glass transition
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temperature (Tg) of a solid drops upon water absorption because of a Tg averaging effect
between the solid and water. This temperature is lowered upon water absorption because
the water begins to have solvent like properties and at the Tg, the amorphous solid goes
from a glassy state to a rubbery state. The rubbery state is considered as a supercooled
liquid and reactions occur much quicker than as the glassy state (7).
1.3

Summary

The goal of this work is to better understand the water-solid interactions and how to
measure the critical RHs and temperatures as well as understanding the physical/chemical
mechanisms of the interaction. The primary water-solid interaction studied is
deliquescence followed by crystalline hydrate formation. Capillary condensation and
adsorption were important to identify in order to separate from the water-solid interactions
of interest. Absorption was noticed in the study with some ingredients but to the interest of
studying crystalline solids, great efforts were made to ensure compounds were fully
crystalline to remove absorption as a possible factor for noticed weight change.
The first study involves the measurement of the deliquescence point in single
ingredients and blends. There have been many methods with a wide range of parameters
used to measure the deliquesce RH. The published deliquescence points deviate slightly
between studies most likely due to the wide difference of methods and the parameters that
were used. For future research involving deliquescence, a recommended deliquescence
measure method is needed. The objective was to compare different methods and the
parameters within the methods to make method recommendations for measuring the RH0
or RH0mix.

Four different methods, the parameters within the methods, different

instruments, as well as the different types of ingredients (e.g. ionic, organic, mutarotating)
were compared to make method recommendations to measure the deliquescence point.
To further understand the mechanisms of deliquescence, the second study involved
the influence of the common-ion effect on deliquescence lowering of blends. When
multiple deliquescent ingredients are mixed, they have a new deliquescence point (RH0mix)
that is lower than the individual RH0, creating a more hygroscopic blend. Typically, the
RH0mix is the product of multiplying all the individual RH0s which assumes the solution
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behaves as an ideal solution with no interactions. However, blends with a common ion, had
a diminished deliquescence lowering and the hypothesis is the common-ion effect causes
a competition between the ingredients upon dissolution, causing an overall decrease of
solutes in solution, deviating from the ideal solution. This knowledge can be directly
applied to the blending of dry solids and rather than blending randomly or by ingredient
type, mixing ingredients with common ions would create a less hygroscopic blend than
compared to a blend with no common ions.
The third study involves hydrate forming crystalline compounds (e.g. glucose,
citric acid, sorbitol) and developing RH-Temperature phase diagrams. Phase diagrams are
important references for maintaining the desired form of the compound. If a phase
boundary is crossed, the previous phase is no longer stable and a phase transition can occur
rapidly or very slowly depending on the compound and the difference of Gibbs free energy.
Maintaining the desired form is extremely important since hydrate formers may release the
water molecule in storage promoting other undesirable water-solid interactions or can
collapse the crystalline structure creating an amorphous solid. Phase diagrams have been
developed for a few food ingredients, but more diagrams of other food ingredients and
updates are needed. The hypothesis is that a hydrate forming compound will have a
minimum of three phase boundaries, all influenced by the temperature and RH. The
objective is to measure the deliquescence phase boundaries of the anhydrous and hydrate
form as well as the hydrate formation boundary for several common food ingredients and
well as non-food ingredients.
Overall, all the objectives in this work correlate with understanding water-solid
interactions and phase changes of crystalline food ingredients and can be directly applied
for maintaining the quality of crystalline food ingredients through proper RH and
temperature control.
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CHAPTER 2. COMPARISON OF METHODS FOR DETERMINING THE
DELIQUESCENCE POINT OF SINGLE CRYSTALLINE INGREDIENTS AND
BLENDS

2.1

Abstract

Many common food ingredients (sucrose, glucose, sodium chloride, ascorbic
acid, etc.) are deliquescent crystalline solids that undergo dissolution once a critical relative
humidity (RH) is exceeded and blends of deliquescent ingredients have lower
deliquescence points than single ingredients. Deliquescence has been shown to affect the
physical and chemical stability of powdered products (e.g. caking, degradation, and
discoloration). A variety of methods have been used to measure deliquescence: these vary
in accuracy, run time, and capital cost. However, no extensive comparison of methods has
been published to address the effects of experimental variables or the advantages and
disadvantages of different techniques for determining the deliquescence points of different
ingredients and blends. The objective of this study was to provide a comprehensive
comparison of methods used to measure the deliquescence points of single ingredients and
blends (sucrose, fructose, NaCl, KCl). The following methods were compared: water
activity of saturated solutions prepared using different water:solid ratios, gravimetric
moisture sorption isotherms with different RH steps and equilibrium criteria, dynamic
dewpoint sorption profiles with different flow rates, and visual observation of
deliquescence. Significant differences (p<0.05) in deliquescence RHs and run times were
found between different methods. Advantages, disadvantages, precision, accuracy, run
times, and costs of the different methods were summarized. Increasing equilibration times
and decreasing RH steps improved the accuracy but increased run times of the isotherm
techniques. This study could be used as a guide for deliquescence measurement and
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deciding what method is suitable for a given budget, experiment time frame, and needed
level of accuracy.

2.2
2.2.1

Introduction

Deliquescence Background

Understanding the effects of environmental conditions on crystalline ingredients is
an important component of avoiding storage and processing issues. Exposure of solid
ingredients to higher relative humidities (RH) has been to shown to cause clumping,
increase degradation kinetics, and lead to other processing issues(1-6). There are 5 types
of water-solid interactions: absorption and hydrate formation internalize water into the
solid, while adsorption, capillary condensation, and deliquescence take place on the
surfaces of crystalline ingredients(7). Although the focus of this study is deliquescence,
understanding the other modes of water-solid interaction, in particular capillary
condensation and adsorption, is vital for accurately measuring deliquescence.
Deliquescence is a 1st order phase transformation of a crystalline solid to a solution above
a critical relative humidity. This critical relative humidity is known as the deliquescence
point (RH0), where both the crystalline solid and saturated solution are thermodynamically
stable. Below the RH0, water molecules adsorb to the surface in a semi-organized fashion
or condense in tight spaces, also known as capillary condensation(8). At RHs below the
RH0 the solid does not go into solution even though water is on the surface because the
Gibbs free energy of the system is less as a solid state compared to the solution, therefore
at these RHs the solid is thermodynamically favored(9). However, at RHs above the RH0,
a solution is thermodynamically favorable and a saturated solution will form on the surface.
When the RH is above the RH0, a difference between the chemical potential (μ) of the
solution on the crystal surfaces and vapor is created, causing a driving force for water to
collect in the saturated solution on the surface of the crystal (Equation 2.1)(10). The water
condensing on the surface of the crystal allows for more of the solid to dissolve,
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maintaining the saturated solution and aw. Since the saturated solution is maintained, the
driving force for water to collect in the solution will remain as long as the solute is present
and the RH>RH0. Eventually, complete dissolution will occur if the environmental RH is
held above the RH0, with increasing kinetics beyond the RH0. The solution will then
approach chemical potential equilibrium by having the same solution and atmospheric
vapor pressure, and the saturated solution will be diluted(7).

 p 

s    RT  ln s 
p0 

Equation 2.1 (7, 10)

As seen in Equation 2.1 and the Clausius-Clapeyron equation, the RH0 is influenced
by temperature(11). The RH
 0 is dependent on temperature in cases where temperature
influences solubility. For example, when solubility increases with temperature, the RH0
will decrease(12). Exceptions are compounds with a negative heat of solution, such as
anhydrous sodium sulfate, with increasing temperatures a decrease in solubility is observed
(and therefore an increase in the RH0) (13). The RH0 boundary on a RH-Temperature
diagram can be predicted using known deliquescence points, solubility curves, and the heat
of solution (12).
Many crystalline food ingredients are deliquescent compounds (e.g. NaCl, glucose,
sucrose, thiamine HCl, and monosodium glutamate). When two or more deliquescent
ingredients are in contact with one another (as seen in many food systems or storage of dry
ingredient blends) a decrease in the critical relative humidity is observed and this lowered
deliquescence point is known as the RH0mix (14, 15). The RH0mix is lower than the individual
ingredients’ RH0s and can be proven using the Gibbs-Duhem equation. Raoult’s law states
that when adding a solute to water, the chemical potential of water decreases which results
in a decrease in vapor pressure(16). In a ternary system of two solutes and water (Equation
2.2), the chemical potential of the first ingredient remains constant (μ1) but when the second
ingredient is introduced into the system it provides an additional source of chemical
potential (μ2). Thus in response, and to balance the equation, the chemical potential of
water (μw) decreases even further upon the addition of a second ingredient(11). Equation
2.1 and 2.2 can be integrated to demonstrate that the second solute will always lower
water’s chemical potential(11).
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Equation 2.2 (11)

n1 dμ1 + n2 dμ2 + nw dμw = 0

In blends of ingredients, the RH0mix is consistent regardless of the ratio of
ingredients because the solutes will go into solution at the same composition at RHs above
the blend’s RH0mix but below the individual ingredient RH0s(15). This specific ratio is
called the eutonic composition, and can be estimated assuming no interactions between
ingredients, as the ratios of the compounds’ solubilities, as shown in Equation 2.3(5).
Salameh and others showed that blends of citric acid and fructose deliquesced at the same
RH regardless of the ingredient ratios (9:1 to 1:9) suggesting the RH0mix is independent of
the overall blend ratio(15, 17). In theory, if a blend is at the eutonic composition, then 100%
of the solids will go into solution when the RH is just above the RH0mix (5, 15, 18). However,
blends not at the eutonic composition will have an excess of the less soluble solid at the
same RH after complete deliquescence of the blend.

Eutonic Ratio (n1 ) = n

n1
1 +n2

Equation 2.3

A requirement of deliquescence lowering is physical contact between the
crystals(15). In the absence of crystal contact, the individual crystals will not deliquesce
until the RH exceeds the individual RH0s. However, when the ingredients are in contact
and the RH is below the RH0s, it is possible for water to condense at the contact points and
other capillaries (e.g. cracks, defects, etc.) via capillary condensation. According to the
Kelvin equation, as the radius of the capillaries decrease, water will condense at lower
RHs(1). In these capillaries, microclimates are formed where the pressure is lower than the
surrounding environment, and if the pressure is lowered below the vapor pressure of the
saturated solution, then condensation will occur(1). In theory at crystal-crystal contact
points, as the droplet radius approaches 0, at some distance between the crystals there will
be water condensation followed by surface dissolution and mixing of the two solutes
therein, allowing for the thermodynamics in Equation 2.2 to take place.
The RH0mix can be estimated using equations such as the Ross equation (Equation
2.4). The Ross equation is a modification from Raoult’s law while assuming the solutes do
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not interact with each other(19). With the assumption the solvates do not interact,
deviations between the measured water activity (aw) of blends and the predicted aw arise
because of ingredient interactions. Deviations can be due to chemical reactions (i.e.
oxidation, hydrolysis, polymerization), the compounds enhancing solubility of one another
due to the Debye–Hückel theory, tautomerization, or the common-ion effect(15, 18, 20,
21).
aW = (a°)1 (a°)2 (a°)3 …
2.2.2

Equation 2.4 (15, 19)

Deliquescence Measurement Methods

The RH0s of common ingredients have been published (7, 15, 22, 23), but less
information is available in the literature regarding the deliquescence points of less common
ingredients and many ingredient blends. Predictions of the RH0 and RH0mix can be made by
using equations such as the Ross equation, but interactions and deviations occur that result
in discrepancies between the predicted and measured deliquescence points. An example of
when the measured RH0mix deviated from the Ross Equation prediction was a blend of Na
saccharine and citric acid monohydrate where the predicted RH0 was 70%RH but was
measured at 78%RH(7). Large deviations are also typically found in blends with 3 or more
ingredients where the RH0mix measured using a moisture sorption isotherm is higher than
predicted(15). In such situations, actual measurements are important for determining the
deliquescence behaviors to accurately design formulations, processing, and storage
conditions to avoid the undesirable consequences of having an ingredient deliquesce. There
are multiple methods to measure the RH0 or RH0mix, each having their own limitations and
strengths. A summary of published methods that were used to measure the RH0 and RH0mix
is provided in Table 2.1, and the methods of interest for this study are bolded.
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Table 2.1. Deliquescence Measurement Methods
Method
Water Activity of Saturated Solution (chilled mirror dewpoint,
electrolytic sensor, capacitance sensor, or manometric pressure)
Gravimetric Moisture Sorption (Dynamic Vapor Sorption)- 1st
RH is <RH0 (scale, hanging or electrodynamic balance)
Dynamic Dewpoint Sorption Profile-DDI
Vapor Sorption Analyzer-DVS measuring aw
Raman Spectroscopy
Gravimetric Moisture Sorption- 1st RH is >RH0
Isopiestic Method using salt slurries
FT-IR
Rapid Single-particle mass spectrometry
Electrical Conductivity
RH Controlled X-Ray Diffraction
Radius of Crystal
Laser Light Scattering
2.2.3

Reference
(15, 22, 24-26)
(15, 17, 27-30)
(31-34)
(15, 27)
(28)
(30, 31)
(35)
(36)
(37)
(38)
(27)
(27, 39)

Water Activity of Saturated Solutions Method

Water activity (aw) is the vapor pressure of a sample divided by the vapor pressure
of pure water in isothermal conditions(40). The definition of aw can also be written using
the term fugacity (escaping tendency). As seen in Equation 1, the chemical potential of
water is directly correlated with aw and the aw of the saturated solution is an established
approach for measuring the RH0. Databases of the aws of saturated solutions of single
ingredients and blends have been published (7, 22, 23). The aw is determined by measuring
the RH in the headspace above the sample by using one of several different sensors: a
chilled mirror dewpoint sensor (Decagon Devices, Inc.), an electrolytic sensor (Neutec
Group, Inc.), and a capacitance sensor (both companies). Equilibration of the sample and
headspace are critical because the chemical potential of the water in the sample is indirectly
measured by analyzing the headspace RH above the sample. Factors such as the headspace
volume (volume of air to equilibrate), amount of water used to make the saturated solution,
and equilibration time can all affect the measurement results.
In theory, the aw of the saturated solution will be the same as the RH0 assuming no
polymorphic changes (e.g. hydrates) or chemical modifications occur upon dissolution and
incubation. The aw is the same as the RH0 because the driving force of deliquescence is the
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difference in the chemical potential of the water in the environment and the saturated
solution that is formed on the surface of the crystal. If the vapor pressure of the environment
is greater than the vapor pressure of the solution on the surface, water will condense as
there is an imbalance of chemical potential. At the saturated solution a w or RH0, the
conditions are at a phase boundary where both the solution and solid is thermodynamically
stable. In previous studies, measuring the aw of saturated solutions has been an efficient
method for predicting the RH0; however, when crystalline solids are mixed, the RH0mix
measured using a dynamic moister sorption profile is not always the same as aw of the
saturated solution(15).
Even though the aw of a saturated solution is a traditional method for determining
the RH0, no publications have evaluated the parameters that could affect the measurements,
such as equilibration time and water-solid ratios. Previous studies reported using a range
of 250-500μL water to 4g solids ratio and a 24hr incubation time prior to measurement(15).
According to AquaLab 4TE instructions, the device is not intended to measure samples
that fill the HDPE cup over half full(41) and less dense samples like sugars fill the cup over
half full using 3-4 grams, while more dense samples (NaCl, KCl) will not fill the cup over
halfway with 4 grams. Since headspace is an important factor for aw measurements, then
these differences could influence the results. It is important to document how sample
preparation parameters (including water-solid ratios and sample sizes) influence
measurements in order to optimize the use of aw measurements for determining
deliquescence behaviors.
2.2.4

Dynamic Vapor Sorption Method

The dynamic vapor sorption (DVS) method is a common instrumental approach for
creating moisture sorption isotherms by using tightly controlled RH and temperature
conditions in the instrument chamber and monitoring weight change with sensitive scales.
As seen by the moisture sorption isotherms of deliquescent crystalline compounds in
Mauer and Taylor 2010, a deliquescence profile has a sharp increase of moisture uptake at
the RH0 unlike amorphous solids that have a sigmoidal moisture sorption profile. Below
the deliquescence point, only adsorption and capillary condensation are expected and at the
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deliquescence point, there is no thermodynamic driving force for dissolution and the RH
must exceed the deliquescence point to initiate dissolution. As the RH surpasses the
deliquescence point, deliquescence proceeds with kinetics of moisture uptake increasing
with greater RHs. In most cases, DVS experiments do not wait for deliquescence to
complete before moving to the next RH step (the kinetics of dissolution near the
deliquescence point are slow), instead weight change within an established amount of time
is recorded between increases in RH. Because the kinetics of dissolution increase as RH
increases, and deliquescence is a first order phase transformation, the slope of the data
points collected above the RH0 is useful for extrapolation of the RH0. Using a DVS
moisture sorption profile, the RH0 is determined by using both the weight change after
deliquescence and the baseline weight gain before deliquescence due to capillary
condensation and adsorption. To calculate the RH0, the slope of 3 RH points above the
deliquescence event and 3-4 points before deliquescence are used to extrapolate the
intersection as seen in Figure 2.1. The intersection is the calculated deliquescence point (7,
15) .
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Figure 2.1. Calculation of the RH0 of NaCl at 25°C using the dynamic vapor sorption
profile
The DVS method has multiple parameters that can be adjusted that affect the
equilibration time and deliquescence measurement. The parameters of concern for this

33
study were RH step, % equilibrium criterion, and maximum time. The RH step controls
the increments of RH at which the sample is equilibrated. The equilibrium criterion (%EC)
is the maximum percent weight change between measurements in a set period of time that
is allowed before proceeding to the next RH step. The %EC allows to quickly scan across
RH steps where no moisture uptake is occurring. Upon a phase transformation, the weight
change is typically greater than the %EC setting, and the RH is held for the maximum time.
The ‘Max Time’ is the maximum time allowed at each RH step, and this parameter
overrides %EC in cases where the sample has not reached equilibrium within the specified
amount of time.
In previous studies, the DVS method parameters used to measure the deliquescence
point varied greatly between the different published studies. To measure the deliquescence
lowering effect in blends of pharmaceuticals and excipients, the VTI SGA-100 was used
with a 1%RH step, 1.5 hour ‘Max Time’ setting, and 0.01%EC(17). Another study used
both the SPS and the VTI-SGA 100 to determine the deliquescence points with changes of
temperature and both devices used a 1%RH step, but the VTI had a 0.01 %EC with a 3
hour ‘Max Time’, and the SPS only used a 5 hour time setting for each RH step(12). An
example of a long equilibration time was used to measure the RH0 and hydrate formation
of green tea polyphenols, where the VTI-SGA 100 was used with a 0.001%EC and 12 hour
‘Max Time’ with large RH steps at 5%RH(4). It is unclear how these different experimental
settings might influence the measurement of the deliquescence points of single ingredients
and blends but differences between methods could explain reported discrepancies that are
observed between studies.
2.2.5

Static Isopiestic Method

The static isopiestic method, also known as the desiccator method, is a classic
approach for producing moisture sorption profiles that has been used extensively over the
last century(22, 23, 42). Using the phenomenon that a saturated solution holds a fixed RH
at a given temperature, a constant RH can be created in desiccators by using saturated
solutions of salts. Samples placed in these desiccators will equilibrate to the same a w as
the saturated salt solution and the weight change in response to equilibration is measured
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overtime. The major downfall is the limitation of RH steps and for this reason, it is not
commonly used to determine the RH0 or RH0mix. However it has been used in a method
comparison paper measuring the RH0 of sucrose (43).
2.2.6

Dynamic Dewpoint Sorption Profile (DDI) Method

Unlike the previous methods, the Dynamic Dewpoint Isotherm (DDI) method
developed by Decagon Devices exposes a sample to a controlled flow rate of dry or moist
air and does not reach equilibrium. A capacitance RH sensor continuously measures the
aw and when it measures a change of 0.015aw or the scale detects a change of weight, the
air is stopped and the aw is measured using the chilled mirror dewpoint while a more
accurate weight is taken(31, 44, 45). By definition, an isotherm is the equilibrium
relationship between the moisture content and water activity of a sample at a set
temperature and pressure(46). The DDI is not a true isotherm because the sample is not at
equilibrium during the measurement, and thus the name has created some confusion as to
what the moisture sorption profile actually is. The DDI technique has been used to measure
the water uptake in amorphous foods (33) as well as for determining the RH0 in crystalline
ingredients (9). The main parameter that affects the time it takes to complete the test and
the accuracy is flow rate of the gas. In the current VSA model, flow rates can be within 10160mL/min but the older AquaSorp model allowed speeds above 300mL/min. As expected,
the faster flow rates have less equilibration as more water is being exposed to the surface
of the crystal and could cause sorption profiles to appear different.
More data points are collected in a DDI profile compared to the other DVS and
desiccator methods. When a DDI profile is used for determining deliquescence points, no
extrapolation is necessary because the water activity at which the sample begins to sorb
water is evident, and many ingredients (including NaCl and sucrose) exhibit a vertical line
comprised of numerous points as the same deliquescence aw (33, 43). This DDI profile is
much different than the DVS method because the DVS method records how the sample’s
weight changes in an equilibrated RH setting while the DDI measures what is happening
to the sample’s weight as the aw changes. It is measuring both a physical (weight) and
chemical attribute (aw) of the sample.
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Other techniques in addition to those described above have been used to determine
the deliquescence points of ingredients, as summarized in Table 2.1. Although less
commonly applied for this purpose than the methods that will be used in this study, they
may have niche applications. In previous studies that used DVS, water activity
measurement, and DDI techniques to determine the deliquescence points of single
ingredients and blends, a wide range of method parameters were used. There is no single
reference available that has compared these different approaches while considering how
the method parameters influence the results. To standardize an approach for determining
deliquescence points, an understanding of the methods and what variables affect the
measured RH0 or RH0mix is important for the best precision and accuracy. A direct
comparison of results collected by different methods that encompass a range of
experimental setups would be useful. The objective of this study is to document the effects
of experimental variables, encompassing those used in previous publications, on the
measurement of deliquescence points. This study will evaluate different measurement
methods while comparing several commercially available devices and provide method
recommendations for determining the deliquescence points of single, binary, and ternary
blends.

2.3

Materials and Methods
2.3.1

Compounds

All compounds used were reagent grade materials stored at 22℃ and stored over
indicating anhydrous calcium sulfate (0%RH, Drierite TM) with a container of LiCl powder
to serve as a secondary desiccant in case the primary desiccant was spent. Ingredients used
and their abbreviations are: NaCl (N), 98% D-Fructose (F), KCl (K), Monosodium
Glutamate (M), and Sucrose (S). N and M were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO), S and K were purchased from Mallinckrodt Baker (Phillipsburg, NJ),
and F was purchased from Acros Organics (Waltham, MA). All ingredients were used as
is, except for S which was milled to reduce the particle size so that it was similar to the
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other ingredients, approximately 200-100μm. The freshly milled sucrose was annealed at
68%RH for 2-3 days before being stored at 0%RH. Blends were prepared at select
ingredient ratios (ranging from 1:1, 1:1:1, 8.5:1.5, 8.5:1.5, and 2.4:1.1:6.5 for equal ratio
binary, equal ratio ternary, NS eutonic, KS eutonic, and MKS eutonic blends, respectively)
and were hand mixed/vortexed, and stored over anhydrous calcium sulfate. The following
salts were used to control the RH in desiccators: LiCl, K-Acetate, MgCl2, KCO3, MgNO3,
NaBr, CoCl2, KI, NaCl, KNO3, and K2SO4 all from Sigma-Aldrich Chemical Col (St. Louis,
MO); and KCl (Mallinckrodt Baker, Philipsburg, NJ).
2.3.2

Water Activity of Saturated Solutions Method Parameters

The aw of prepared samples was measured using an AquaLab 4TE (Decagon
Devices, Pullman, WA) which uses a chilled mirror dew point to calculate the vapor
pressure at the set temperature. Sample preparation was done by weighing samples into
HDPE cups sourced from Decagon Devices. To determine the effects of water-solid ratio
and incubation period on the aw (and therefore the RH0 or RH0mix), the following
experimental parameters were controlled: amount of solid (0.5, 1.0, 2.0, and 4.0g), eutonic
or equal ratio blend (8.5:1.5, 8.5:1.5, and 2.4:1.1:6.5 for NS eutonic, KS eutonic, and MKS
eutonic blends, respectively), water (5, 25, 50, 125, 500 μL/g), and equilibration time (24,
48, 72 hrs). The stated water amount was pipetted into the sample, covered with lids
designed for the cups, and incubated for the stated period at 25℃ before measuring aw. All
treatments were measured in triplicates using the 1 measurement setting. The AquaLab
4TE devices were calibrated using 0.25, 0.50, 0.76, 0.92 aw standards purchased from
Decagon Devices following the manufacturer’s directions(41).
2.3.3

Dynamic Vapors Sorption Method Parameters

Three different commercially available DVS devices were used to compare
different experimental parameters and their effects on deliquescence measurement. The
SPS Dynamic Vapor Sorption Analyzer (Projekt Messtechnik, Ulm, Germany) and the
SGA-100 symmetrical gravimetric analyzer (VTI Corp., Hialeah, FL) are DVS devices
where the RH of the chamber is adjusted to the set RH and the weight change is recorded
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at each RH step. The Vapor Sorption Analyzer (VSA, Decagon Devices, Pullman, WA)
uses similar principles by adjusting the RH in the chamber, but the instrument does not
have a dry:wet air static mixer before entering the chamber. The primary difference
between the VTI SGA-100 and SPS devices is the sample size that can be accommodated.
The SGA-100 measures samples that are less than 20mg, while the SPS can handle samples
ranging between less than 1mg to over 5g depending on the sample density and pan size
used. The small sample size is beneficial for research involving limited quantities of
materials (e.g. phytochemicals or pharmaceuticals) but results in more variability in blends
because crystal contact is limited in the small sample. The VSA adjusts the RH in the
chamber by pumping dry or wet air (mixes in the chamber with the sample) and records
the weight change at each targeted RH (aw) setting, which causes a less precise RH control.
The RH is continuously monitored by the capacitance RH sensor, and the recorded a w and
weight measurements are measured by the chilled dew point mirror and precision balance
when the air is no longer blowing. Rather than measuring the RH of the chamber as done
in the other two DVS techniques, the sample’s aw is being measured.
The deliquescence points of single ingredients (N and F), a binary blend (NF at a
1:1 ratio)and a ternary blend (NFK at a 1:1:1 ratio) were measured in triplicates using the
three DVS instruments and selected parameter treatments. The parameter treatments were
combinations of each of the following parameters: RH step (1%RH, 2%RH, and 5%RH
step); equilibrium criteria (0.01, 0.1, and 1.0% w/w EC in 10 minutes); and maximum time
(1.5 and 3Hrs Max Time). The exception is the VSA which the software did not allow a
1.0%EC to be used and the time between measurements was determined by the headspace
equilibration period for the aw measurements in the device so %EC was %wt/2
measurements. All measurements were done at 25℃. The amount of sample varied
depending on the device due to the size of the sample holder. Samples in SGA-100 by VTI
were 8-15 mg and placed in a hanging scale and nitrogen gas was used as the source of dry
air. The SPS uses pressurize air sent through a drierite column as the dry air source and the
samples are measured using a high precision balance (±10μg). Samples were loaded into
HDPE cups (sourced from Decagon Devices) that rested in aluminum pans designed for
the SPS. The HDPE cups were used because ionic ingredients (e.g. NaCl) would corrode
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the pan causing pinholes to form and risk damage to the machine. The sample size was 2g
unless otherwise stated. The sample size in the VSA was approximately 1g weighed into
an HDPE aw cup. Decagon Devices provide a stainless steel cup for the VSA because
HDPE sorbs water (45); however, the ionic ingredients studied caused corrosion of these
metal cups. Holes were not forming but to avoid having the corrosion products cause
deliquescence lowering, metal containers were avoided. Preliminary testing of the HDPE
sorption using the SPS documented 0.01% weight gain at 95%RH, and taking this into
account, the deliquescence measurements were not altered due to the large weight changes
that occur upon deliquescence.
2.3.4

Static Isopiestic Method Parameters

For the desiccator study, approximately 1g samples of N, F, the NF (1:1) blend, and
the NFK (1:1:1) blend were weighed in triplicates into 15mL glass vials. Each vial was
placed in a sealable jar above a saturated salt solution and incubated at 25℃ for 24hrs. The
saturated solutions used were LiCl, K-Acetate, MgCl2, KCO3, MgNO3, NaBr, CoCl2, KI,
NaCl, KCl, KNO3, K2SO4 which are 11.3, 23.5, 32.8, 43.2, 53.2, 58.1, 63.5, 68.9, 75.5,
84.3, 93.6, 97.3%RH, respectively(22). Following the 24hr equilibration, samples were
removed from the desiccators and weighed. The percent weight change at each RH was
averaged and linear extrapolation was used to find the intersection of the two lines, before
and after deliquescence occurred. This intersecting RH was considered to be the
deliquescence point.
2.3.5

Dynamic Dewpoint Sorption Profile Method Parameters

Two commercial instruments are able to generate DDI profiles: the VSA and the
AquaSorp, both by Decagon Devices. The flow rate is the primary adjustable parameter
in the DDI method, with the VSA capable of ranges between 50-160 mL/min and the
AquaSorp ranging between 50 and 300 mL/min. The flow rates used in this study were 50,
100, 150mL/min. Single tests were performed on the AquaSorp at 200-300mL/min to
observe the effects of higher flow rates on deliquescence measurements.

The

deliquescence points of N, F, S, K, M, KS (1:1 and eutonic ratio of 1.5:8.5), and MKS
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(1:1:1 and eutonic ratio of 2.4:1.1:6.5) were determined using the DDI technique.
Approximately 1g samples were weighed into HPDE cups for the VSA and stainless steel
metal cups for the AquaSorp. Although some corrosion byproducts were noticed in the
stainless steel cup when measuring ingredients with ionic compounds, the DDI profile did
not appear to be affected and the AquaSorp was unable to use lighter HDPE cups in the
instrument. The deliquescence point was determined from the DDI profiles as the lowest
aw after substantial weight change (>0.3%) from the previous measurement. Typically, the
plot of weight change (y-axis) against aw (x-axis) turns 90° at the RH0 and continues to
increase in a vertical fashion. If the aw does not change during deliquescence, the RH0 was
the aw value that was not changing after the significant moisture uptake occurred. For
blends of ingredients and those exhibiting tautomerization, the DDI profiles became more
complex and their analysis will be described in the results and discussion.
2.3.6

Statistics

All statistics were conducted using Minitab 16 (Minitab Inc., State College, PN)
using 2 or 3-way ANOVA depending on the number of factors in the model. The post-hoc
test used was the Tukey HSD (α=0.05). If outliers were present, they were repeated or not
used in the analysis.

2.4
2.4.1
2.4.1.1

Results and Discussion

Water Activity of Saturated Solutions

Sample Size
In a aw measurement, the water in the sample equilibrates within the headspace and

a chilled mirror dewpoint sensor then measures the RH in the headspace which is reported
as the aw of the sample. The amount of sample present in the water activity cup significantly
affected the aw results (Table 2.2 and Figures 2.2-3). The aw results for the 0.5g samples of
F and N were significantly lower and had greater variability than the larger samples. With
F, the aw of the 0.5g sample size was significantly different from the 1g sample, and in both
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the N and F samples, the aws of the 2g samples were significantly different from the 0.5g
sample (Table 2.2). After 48 hours of equilibration, the aw results for 0.5g samples of F and
N had a lower variability and an increased average than at shorter equilibration times
(Figures 2.2-3). Even with longer equilibration periods, the aw of the 0.5g sample still
appears to have a greater variability and affected by the ambient RH. The a w readings can
be influenced by the ambient RH if the headspace above the sample is too large due to the
greater volume of air for the device to clear and for the water present in the sample to
equilibrate in. The ambient RH was recorded to be around 50%RH which could indicate
that the headspace influenced the aw results and therefore the measured aw in the 0.5g
samples was lower than the 1 and 2g samples. The amount of sample present in the cup
will influence the amount of headspace, as well as the amount of water in the system. For
the best precision and accuracy, a ≥1g sample size is recommended (while maintaining the
sample volume to less than half the sample cup).

Table 2.2. The effects of sample size on the aw measurements of NaCl and Fructose
after 24 hours.
Sample
NaCl
NaCl
NaCl
Fructose
Fructose
Fructose

Weight
(g)
0.5
1
2
0.5
1
2

Water
(mL)
0.03125
0.0625
0.125
0.03125
0.0625
0.125

Moles

Stdev

Avg. aw

273.8
273.8
273.8
88.8
88.8
88.8

0.0017
0.0008
0.0015
0.0077
0.0002
0.0008

0.7502
0.7522
0.7540
0.5993
0.6071
0.6095

Tukey HSD
(α=0.05)
B
AB
A
B
A
A
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0.77
0.77

Water Activity

0.76
0.76
0.75
24 Hrs

0.75

48 Hrs

0.74
0.74
0.73
0.5

1

2

Grams of Solid

Figure 2.2. The effects of sample mass and equilibration time on the aw of NaCl samples
prepared by adding 66μLwater/g solid at 25°C
0.62

Water Activity

0.61

0.60
24 Hrs
48 Hrs

0.59

0.58
0.5

1

2

Grams of Solid

Figure 2.3. The effects of sample mass and equilibration time on the aw of Fructose
samples prepared by adding 66μLwater/g solid at 25°C

42
2.4.1.1 Water Solid Ratios, Equilibration Time, and Blend Ratios
The water activity results for single ingredients, binary blends, and ternary blends,
documenting the aws for different water:solid ratios, equilibration times, and ingredient
ratios in blends, are presented in Table 2.3. For some ingredients and/or blends, the
water:solid ratio and equilibration time significantly affected the aw readings, although
differences were found between ingredient types. The water:solid ratio also significantly
affected the aw readings. In order for the aw measurement to be an accurate determination
of the deliquescence point, the solution must be a saturated solution that is fully
equilibrated but also contains enough water to efficiently equilibrate with the headspace.
Both having too much and too little water will invalidate the use of a w results as
determinants of deliquescence RHs.

43
Table 2.3. Water Activities of 2g samples at 25°C and statistical grouping within
each compound/blend (Tukey HSD α=0.05). NA are samples that were not included
in the statistical analysis because of obvious differences.

Compound

Water:Solid
Ratio

SINGLE INGREDIENTS
Fructose
5µL/g
Fructose
25µL/g
Fructose
50µL/g
Fructose
125µL/g
Fructose
250µL/g
Fructose
500µL/g
Sucrose
5µL/g
Sucrose
25µL/g
Sucrose
50µL/g
Sucrose
125µL/g
Sucrose
250µL/g
Sucrose
500µL/g
Sucrose
1000µL/g
MSG
5µL/g
MSG
25µL/g
MSG
50µL/g
MSG
125µL/g
MSG
250µL/g
MSG
500µL/g
MSG
1000µL/g
KCl
5µL/g
KCl
25µL/g
KCl
50µL/g
KCl
125µL/g
KCl
250µL/g
KCl
500µL/g
KCl
1000µL/g
BINARY BLENDS
KS (1:1)
5µL/g
KS
25µL/g
KS
50µL/g
KS
125µL/g

Average aw following
equilibration for the
stated time
Tukey HSD (α=0.05)
24
48
24 Hrs 48 Hrs 72 Hrs Hrs
Hrs
72 Hrs
0.486
0.596
0.603
0.607
0.635
0.779
0.796
0.840
0.847
0.848
0.848
0.859
0.935
0.654
0.856
0.861
0.863
0.864
0.864
0.866
0.759
0.835
0.835
0.847
0.847
0.845
0.845

0.465
0.597
0.606
0.608
0.620
0.779
0.516
0.845
0.852
0.849
0.848
0.854
0.935
0.550
0.857
0.861
0.864
0.865
0.866
0.866
0.448
0.824
0.836
0.848
0.848
0.846
0.847

0.459
0.603
0.607
0.609
0.617
0.778
0.638
0.845
0.849
0.846
0.846
0.851
0.932
0.465
0.852
0.858
0.862
0.864
0.864
0.866
0.419
0.652
0.831
0.846
0.846
0.842
0.846

NA
F
DEF
CDE
A
NA
NA
D
BCD
BC
BC
A
NA
NA
CD
ABC
ABC
ABC
ABC
A
NA
A
A
A
A
A
A

NA
EF
CDEF
CD
B
NA
NA
CD
ABC
BC
BC
AB
NA
NA
BCD
ABC
ABC
ABC
AB
A
NA
A
A
A
A
A
A

NA
DEF
CDE
CD
BC
NA
NA
CD
BC
BCD
BCD
BC
NA
NA
D
ABCD
ABC
ABC
ABC
ABC
NA
A
A
A
A
A
A

0.651
0.689
0.697
0.703

0.489
0.684
0.698
0.702

0.558
0.684
0.697
0.700

NA
BCD
AB
A

NA
D
AB
A

NA
CD
ABC
AB
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Table 2.3 continued
KS
250µL/g
KS
500µL/g
KS Eutonic
5µL/g
KS Eutonic
25µL/g
KS Eutonic
50µL/g
KS Eutonic
125µL/g
KS Eutonic
250µL/g
KS Eutonic
500µL/g
NS (1:1)
5µL/g
NS
25µL/g
NS
50µL/g
NS
125µL/g
NS
250µL/g
NS
500µL/g
NS Eutonic
5µL/g
NS Eutonic
25µL/g
NS Eutonic
50µL/g
NS Eutonic
125µL/g
NS Eutonic
250µL/g
NS Eutonic
500µL/g
TERNARY BLENDS
MKS (1:1:1)
5µL/g
MKS
25µL/g
MKS
50µL/g
MKS
125µL/g
MKS
250µL/g
MKS Eutonic 5µL/g
MKS Eutonic 25µL/g
MKS Eutonic 50µL/g
MKS Eutonic 125µL/g
MKS Eutonic 250µL/g
MKS Eutonic 500µL/g

0.735
0.791
0.675
0.696
0.698
0.701
0.723
0.809
0.619
0.628
0.635
0.634
0.670
0.709
0.618
0.631
0.633
0.635
0.656
0.729

0.726
0.791
0.677
0.698
0.698
0.699
0.705
0.782
0.626
0.632
0.633
0.634
0.660
0.708
0.600
0.630
0.631
0.634
0.638
0.724

0.719
0.789
0.672
0.698
0.701
0.701
0.704
0.783
0.609
0.632
0.634
0.635
0.656
0.708
0.562
0.629
0.630
0.634
0.636
0.723

NA
NA
NA
C
C
BC
A
NA
NA
C
C
C
A
NA
NA
B
B
B
A
NA

NA
NA
NA
C
C
C
B
NA
NA
C
C
C
B
NA
NA
B
B
B
B
NA

NA
NA
NA
C
BC
BC
B
NA
NA
C
C
C
B
NA
NA
B
B
B
B
NA

0.551
0.601
0.606
0.626
0.673
0.529
0.590
0.601
0.615
0.665
0.759

0.543
0.613
0.609
0.608
0.676
0.519
0.593
0.600
0.611
0.627
0.756

0.535
0.604
0.610
0.615
0.677
0.533
0.591
0.607
0.612
0.625
0.754

NA
B
B
A
NA
NA
D
BCD
BCD
A
NA

NA
AB
B
AB
NA
NA
D
CD
BCD
BC
NA

NA
B
B
B
NA
NA
D
BCD
BCD
BCD
NA

As seen in Figures 2.4-8 and Table 2.3, 25μL/g is not a sufficient amount of water
for a stable aw reading, and blends with the smallest amounts of water had the largest
variability in aw results. This could be due to the low coverage of the water not equally
incorporating all ingredients of the blend into the solution. The water-solid ratio of 250µL/g
was acceptable with most single ingredients with the exception of highly soluble F (2224Mol/Kg)(47). For F, the maximum amount of water to be used to maintain a saturated
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solution, is 231-252μL/g but measurements should use a lower ratio for better equilibration.
In general, a 50-125μL/g water solid ratio and 24hr equilibration is sufficient for single
ingredients, while the same water solids ratio is recommended for blends but a 48-72hr
equilibration period because longer equilibration times may be needed as seen with MKS
in Figure 2.8.
The ratio of ingredients present also has the potential to influence the aw results.
Blending at the eutonic composition made a difference in the necessary equilibration period
and the range of water:solid ratio. In a 3-Way ANOVA comparing equal ratio blends and
eutonic blends, the blend type was a significant factor (p<0.01) for NS, KS, and MKS.
Comparing the equal ratio blends to the eutonic blends (Figures 2.5 to 2.6 and 2.7 to 2.8)
shows that blending at the eutonic composition, allowed for more water to be added without
significantly altering the aw reading because enough solutes of each compound are present
to remain saturated at greater water solid ratios. Since the eutonic composition is the ratio
of ingredients that go into solution during deliquescence, blending at a similar ratio
required less equilibration time and more water could be added because it is the same
composition of the saturated solution during deliquescence (18).
Regardless of the ratio of the blend used in the food system, the RH 0mix will still
remain the same (15). If using the aw to measure the RH0mix, it is recommended to blend at
the eutonic composition even if the blend being tested is different than this ratio. If
measuring the aws of blends at the original ratio and not the eutonic composition, there will
be a smaller margin of acceptable water to solid ratio and the limitation of having enough
water coverage to incorporate all the ingredients and remain saturated.
Equilibration of the saturated solution is necessary and the amount of water can influence
the time needed. Seen in Table 2.3, single ingredients and binary blends reached
equilibrium within 24hrs because no significant shift of the aw occurred with the longer
equilibration periods; however, ternary blends had differences in aws between 24 and
48hrs. Blends required more equilibration time than single ingredients, as seen by the
larger standard deviation at 24hrs than 48 and 72hrs. It would be recommended for
blends using 3+ ingredients to equilibrate for >48hrs. When greater amounts of water
were added, a longer equilibration period is necessary as the aw will shift from 24 to
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48hrs. As seen in Table 2.3, using a 50-125μL/g water-solid ratio, the samples were
equilibrated in 24hrs but with more water, some samples needed a longer equilibration
time or was no longer a saturated solution.
0.64
0.63

Water Activity

0.62
0.61
25µL/g

0.60

50µL/g

0.59

125µL/g

0.58

250µL/g

0.57
0.56
24 Hrs

48 Hrs

72 Hrs

Equilibration Time

Figure 2.4. The effects of different water-solid ratios and equilibration periods on the
aw of 2g Fructose samples at 25°C

0.76

Water Activity

0.74
0.72
25µL/g

0.70

50µL/g
125µL/g

0.68

250µL/g

0.66
0.64
24 Hrs

48 Hrs

72 Hrs

Equilibration Time

Figure 2.5. The effects of different water-solid ratios and equilibration periods on the aw
of 2g KCl and Sucrose 1:1 blend samples at 25°C
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Water Activity

0.74
0.72
25µL/g

0.70

50µL/g
125µL/g

0.68

250µL/g
0.66
0.64
24 Hrs

48 Hrs

72 Hrs

Equilibration Time

Figure 2.6. The effects of different water-solid ratios and equilibration periods on the aw
of 2g KCl and Sucrose eutonic blend samples at 25°C
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0.64
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125µL/g

0.58

250µL/g

0.56
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Figure 2.7. The effects of different water-solid ratios and equilibration periods on the aw
of 2g KCl, Sucrose, and MSG 1:1:1 blend samples at 25°C

48

0.70
0.68

Water Activity
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0.64
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125µL/g
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Figure 2.8. The effects of different water-solid ratios and equilibration periods on the aw
of 2g KCl, Sucrose, and MSG eutonic blend samples at 25°C
In order to maintain saturated solutions and standardize the use of aw measurements
for determining deliquescence points, the following sample preparation parameters are
recommended: for single ingredients use a 50-125μL/g water solid ratio in a 1-2 g sample
size, and equilibrate for 24hrs prior to aw measurement. For binary and ternary blends,
combine the ingredients at approximately the eutonic composition, use a 50-125μL/g in a
1-2 g sample size, and incubate for 24hrs. If not mixing at the eutonic composition, it would
be recommended to have a minimum of 2 water solid ratios (e.g. 75 and 100μL/g) to
validate one another and incubate for 48hrs for proper equilibration. In Salameh and Taylor
(2006), a 62.5-125μL/g water solid ratio was used, which fits within the recommended
parameters of this study(15). However, the blends were not mixed using the eutonic
compositions and samples were equilibrated for only 24hrs. A footnote was made in the
publication stating the aw values in the ternary and quaternary blends were still decreasing
after 24hrs. This could be due to a longer equilibration period needed for +3 blends, as seen
by the shifting aw after 24hrs in blends with 125μLwater/g solid (Table 2.3). The measured
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aw values for the ternary blends were also higher than predicted using the Ross Equation
which could suggest the solutions were not saturated with all of the compounds. Although
the solutions may have appeared to be saturated by the presence of solid, the limiting solute
could have been diluted. Using the recommended parameters to measure the RH0mix of the
blends used in this study, the results deviated less than 0.01aw from the Ross Equation
prediction. The single ingredients, N and K were within 0.005 aw of the values reported in
the Greenspan tables (22) and N, K, and S with within 0.01aw of the values listed in Mauer
and Taylor 2010 (7).
2.4.2 Dynamic Vapor Sorption
2.4.2.1

Comparing DVS Instruments
There were visible differences between the moisture sorption isotherms collected

using the 3 DVS instruments. The moisture sorption isotherms of N collected by the three
instruments are shown in Figure 2.9 where the SPS and VTI were able to detect minor
weight changes near the RH0, while the VSA did not detect minor weight changes just
before RH0. The SPS and VTI have more sensitive scales than the VSA that are able to
measure small weight changes before the RH0 due to capillary condensation and adsorption.
However, when measuring a blend of NF (Figure 2.10), the VSA detected weight changes
at lower RHs and it is unknown why the VSA measured the NF RH0mix lower than the other
two devices. A theory could be due to F undergoing mutarotation and the VSA’s RH (aw)
chamber measurements could be influenced by the aw of the sample. When F begins to
deliquesce, it will undergo mutarotation(48) and the aw has been shown to decrease (Figure
2.22). This drop in aw would cause the VSA to blow more water vapor over the sample to
maintain the desired RH in the chamber. While more water is being blown to maintain the
RH, the F continues to go into solution causing the sample to pull more water from the air
in the chamber and, resulting in a drop of the continuously measured RH by the capacitance
sensor. The RH chamber in the VTI and SPS would not be effected by the sample’s aw
since the RH is mixed before going into the chamber and the headspace volume is much
larger, allowing for a larger buffer for RH change. To support this theory, the measured
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RH0mix of NS (undergoes no mutarotation) was higher with the VSA than the VTI and SPS
probably due to the differences in the sensitivity of the scales as seen with N.
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Figure 2.9. VSA, SPS, and VTI’s DVS profiles measuring NaCl with the following
parameters: 1%RH Step, 0.01%EC, and 3Hr Max Time.
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Figure 2.10. VSA, SPS, and VTI’s DVS profiles measuring a 1:1 NaCl Fructose blend with
the following parameters: 1%RH Step, 0.01%EC, and 3Hr Max Time.
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2.4.2.2 Max Time
As seen by Figure 2.11, the longer Max Time setting (3hr) had a steeper slope than
the 1.5hr setting. This is expected since deliquescence is a 1st order phase transformation,
and the kinetics are constant for each RH. Once deliquescence occurs, the kinetics are
greater than the %EC setting (0.01% in 10 minutes), so the 3hr Max Time isotherm should
have a slope that is approximately twice as steep since it will gain twice as much water at
each RH step.
Similar results were observed in Figure 2.12, with the NF blend and the 3Hr Max
Time had a steeper slope than the 1.5Hr. A potential down fall for having an excessively
long Max Time setting with blends is the dilution of the eutonic composition before having
enough data points above the RH0mix for extrapolation. The eutonic composition may be a
small portion of the mix and can deliquesce fairly quickly. This would be noticed by a shift
in the kinetics where the slope would decrease and fall out of the original 1st order behavior.
In theory, the Max Time setting should not affect the extrapolation of the
deliquescence point since deliquescence is a 1st order reaction. The main benefit of longer
equilibration times would be less deviation of the RH0 or RH0mix calculation that would
arise from the deliquescence kinetics shifting while transitioning to the next RH step. With
a shorter Max Time, a larger portion would be of the accelerating kinetics rather than the
steady kinetics.
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Figure 2.11. Comparing the VTI’s DVS profiles measuring NaCl with different Max Time
settings of 1.5Hr and 3Hr with the following parameters: 1%RH Step, and 0.01%EC.
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Figure 2.12. Comparing the VTI’s DVS profiles measuring a 1:1 NaCl and Fructose blend
with different Max Time settings of 1.5Hr and 3Hr with the following parameters: 1%RH
Step, and 0.01%EC.
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2.4.2.3 RH Step
The RH step did affect the measured RH0 of NaCl as seen in Figures 2.13 and 2.14.
In the 2%RH step, the RH0 will extrapolate to 75.9%RH and the 1%RH step will
extrapolate to 75.2%RH. When comparing these RH0 to previous reports, the 1%RH step
results is a more accurate determination of the RH0 (22). The 5%RH step was not accurate,
resulting in an estimation of the RH0 at 77.9%RH, well above the actual value. It would be
expected that the 1%RH step to have the best accuracy since it is using weight change
values closest to the RH0.
In the blend of NF (Figures 2.15 and 2.16), the RH0mix was affected by the RH step,
where larger steps had greater RH0mix values. In Figure 2.15, the 5%RH step is less accurate
than compared to the 1 and 2%RH steps. The RH0mix of the 1%RH step was 44.1%RH
while with the 2%RH step, it was calculated at 44.6%RH. As seen in Figure 2.16, at
44%RH the 1%RH step is able to detect weight changes that the 2%RH overshoots and
measures at 45%RH and this causes the inflated RH0mix upon extrapolation. As seen with
NaCl and the NF blend, using a 5%RH step is not accurate for determining the
deliquescence point and the 2%RH is visually different from the 1%RH step.
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Figure 2.13. Comparing the VTI’s DVS profiles measuring NaCl with different RH Step
settings of 1, 2, and 5%RH steps with the following parameters: 0.01%EC, and 3Hr Max
Time.
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Figure 2.14. Comparing the VTI’s DVS profiles measuring NaCl with different RH Step
settings of only 1 and 2%RH steps with the following parameters: 0.01%EC, and 3Hr Max
Time.
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Figure 2.15. Comparing the VTI’s DVS profiles measuring a 1:1 NaCl and Fructose blend
with different RH Step settings of 1, 2, and 5%RH steps with the following parameters:
0.01%EC, and 3Hr Max Time.
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Figure 2.16. Comparing the VTI’s DVS profiles measuring NaCl with different RH Step
settings of only 1 and 2%RH steps with the following parameters: 0.01%EC, and 3Hr Max
Time.
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2.4.2.4 Equilibrium Criterion
The %EC setting effected the measured RH0 of NaCl, where the lower the %EC
setting, the better the accuracy will be but the longer it will take to complete the data
collection. In Figure 2.17, the %EC appears to increase the measured RH0 with each log
change of the %EC. As the %EC increased, the curve shifted right on the x-axis and overall,
the average of the 0.1%EC had the highest RH0mix which could be due the 0.1%EC setting
not being sensitive enough to stop at the RH just above the RH0. The 0.1%EC setting would
then stop for the max time at RHs just above the RH0 causing a steeper slope past the RH0.
The 1.0%EC, does not stop at the %EC just above the RH0, so the slope is lower and during
extrapolation it intersects at a lower RH0 than the 0.1%EC setting.
In Figure 2.18, only the 0.01%EC is sensitive enough to not progress to the next
RH step after deliquescence. When the moisture uptake is slower that the %EC settings the
instrument progresses to the RH step, showing minimal weight gain just above the RH0mix.
If weight gain is minimal but appears deliquescence has occurred, as seen in Figure 2.18
with the 0.1 and 1.0%EC settings, it becomes difficult to determine at which RHs is above
and below the deliquescence point for extrapolation. To determine the deliquescence point,
it is best to use a %EC setting of 0.01%.
occurred, as seen in Figure 18 with the 0.1 and 1.0%EC settings, it becomes
difficult to determine at which RHs is above and below the deliquescence point for
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extrapolation. To determine the deliquescence point, it is best to use a %EC setting of
0.01%.
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Figure 2.17. Comparing the VTI’s DVS profiles measuring NaCl with different %EC
settings of 0.01, 0.1, and 1.0%EC with the following parameters: 1%RH step, and 3Hr Max
Time.
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Figure 2.18. Comparing the VTI’s DVS profiles measuring a 1:1 NaCl and Fructose blend
with different %EC settings of 0.01, 0.1, and 1.0%EC with the following parameters:
1%RH step, and 3Hr Max Time.
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2.4.2.5 Statistical Analysis of the DVS Methods
Comparing the three DVS measurement devices, the SPS (Table 2.5) had the best
precision as seen by the MSError in Tables 2.4-6. The SPS MSError ranged from 0.045-0.079
compared to the VSA and VTI, 0.216-4.217 and 0.256-2.441, respectively. The low MSError,
is due to the low deviation between replicates when using the SPS which caused for more
factors to be found significant when compared to the other devices. The largest variation
for all DVS devices was found in the NFK ternary blend and this is most likely due to the
limitation of ternary contact points necessary for deliquesce of the ternary blend. The
variability was the largest in the VTI because the chances all three crystals were in contact
were less than compared to the VSA and SPS which uses sample sizes around 102-103 times
greater. The large variability is due the number of ternary contact points which can be
influenced by RH cycling history and particle size. RH cycling could promote ternary
contact points through capillary condensation or the lowest RH0mix of two ingredients.
Smaller particle size also effects how a ternary blend behaves near the RH0mix because
smaller particles have more contact points by weight. To control for these potential effects,
particle size was never adjusted between measurements and samples were stored at 0%RH
except for sample loading. As seen in this study and other studies, the observed RH0mix of
a ternary blend using a DVS method is higher than the aw of the saturated solution (7, 15).
This is because the saturated solution has all three compounds in solution and contact
points are not a factor for measuring the RH0mix. To support the theory of the ternary contact
points being a limiting factor for deliquescence, (Figure 2.19) the binary blend (SK) using
the SPS, DDI, and aw all deliquesced at the same point (72%RH), however, the
measurement of the ternary blend (MSK) had three separate RH0mix values. In the ternary
blend measurements, the DDI and SPS started to sorb water around 67-68%RH while the
aw of the saturated solution was 0.61. The DDI drops in aw (down to 0.65) because the third
compound is going into solution after enough condensed water is present to incorporate all
three compounds, increasing the number of solutes. The drop in aw of the ternary blend
after the initial weight gain shows the DVS is unable to measure the true RH0mix of the
blend. This occurrence helps explain why discrepancies were observed in previous
literature between the aw and the DVS RH0mix of ternary blends.
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The largest factors by ranking were RH step and %EC as seen in Tables 2.5-7.
Overall, Max Time was not a significant factor and using a 1.5 or 3hrs Max Time should
measure the same RH0. The Max Time is not a factor because deliquescence is 1st order
reaction so the kinetics at each RH above the deliquescence point is the same regardless of
equilibration time of 1.5hrs or 3hrs, allowing for the extrapolated point to be the same. Max
Time was not a significant factor for any of the samples measured in the VTI or VSA but
was a significant factor for F and the binary blend NF with the SPS. A theory to why Max
Time was significant for only the SPS was because of the precision of the device. The
MSError was much smaller than the other methods due to the better control of the RH and a
more precise balance. Another possible theory of why maximum time will influence RH0
measurement of F is due to it undergoing mutarotation upon dissolution (deliquescing) and
the ratio of tautomers changing with time(48). The kinetics of moisture uptake at the first
RH above the RH0 changes as fructose undergoes mutarotation. The moisture uptake
kinetics increase by 22.6% from the 1st quartile to the 4th quartile of a 3 hour equilibration
period at 62%RH (61%≈RH0). When plotting the kinetics of each quartile, there is a strong
trend of accelerating kinetics (R2=0.99). As deliquescence takes place, F will go into
solution then undergo mutarotation dropping the aw and creating a greater difference in the
chemical potential of the solution and water vapor. The first step of deliquescence in the
1.5hr Max Time will have an appeared slower kinetics as tautomerization is occurring for
a longer portion than the 3hr Max Time. Compared to N which does not undergo
mutarotation, the moisture uptake kinetics between the quartiles deviate within 5% and
there is no trend of changing kinetics. N behaved as expected upon deliquescence (1st order)
while F and NF did not. Max Time may have not been significant in the ternary blend
because majority of the blend is not undergoing tautomerization and the MSError was larger
due the contact points as mentioned earlier.
Table 2.4. F and P-Values of Factors and Interactions of measured RH0 and RH0mix using
the VTI (3-Way ANOVA).
VTI
N
F
NF
NFK
RH Step

F-Value

42.36

9.62

3.05

2.82

P-Value

<0.001

0.005

0.094

0.106
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F-Value

15.93

0.78

1.52

1.25

P-Value

<0.001

0.471

0.239

0.304

F-Value

0.41

1.63

0.00

0.00

P-Value

0.53

0.214

0.974

0.965

F-Value

4.64

1.62

0.82

1.08

P-Value

0.02

0.218

0.454

0.356

F-Value

2.12

1.93

0.04

0.02

P-Value

0.159

0.178

0.846

0.899

F-Value

2.34

0.83

3.83

1.78

P-Value

0.118

0.448

0.036

0.191

F-Value

4.40

0.10

0.44

0.31

3 Way Interaction

P-Value

0.024

0.901

0.647

0.736

Error

Adj MS

0.2163

1.752

1.552

4.217

%EC
Max Time
RH Step*%EC
RH Step*Time
%EC*Time

Table 2.5. F and P-Values of Factors and Interactions of measured RH0 and RH0mix using
the SPS (3-Way ANOVA).
SPS
N
F
NF
NFK
F-Value

3.55

165.77

2646.79

669.01

P-Value

0.064

<0.001

<0.001

<0.001

F-Value

16.48

23.55

1243.01

411.62

P-Value

<0.001

<0.001

<0.001

<0.001

F-Value

0.17

177.21

118.63

1.94

P-Value

0.681

<0.001

<0.001

0.169

F-Value

9.17

51.51

287.04

26.52

P-Value

<0.001

<0.001

<0.001

<0.001

F-Value

0.12

10.81

15.25

86.78

P-Value

0.731

<0.001

<0.001

<0.001

F-Value

2.18

37.40

18.54

74.58

%EC*Time

P-Value

0.122

<0.001

<0.001

<0.001

3 Way Interaction

F-Value

4.64

1.91

95.64

5.33

RH Step
%EC
Max Time
RH Step*%EC
RH Step*Time
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P-Value

0.013

0.156

<0.001

0.007

F-Value

0.01

3.57

29.49

0.25

Size (Covariate)

P-Value

0.929

0.064

<0.001

0.622

Error

Adj MS

0.04467

0.0589

0.0138

0.079
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Table 2.6. F and P-Values of Factors and Interactions of measured RH0 and RH0mix using
the VSA (3-Way ANOVA)
VSA
N
F
NF
NFK
F-Value 0.84
30.86
1.22
0.75
RH Step
P-Value 0.372
<0.001
0.286
0.398
F-Value 2.02
1.31
10.64
10.16
%EC
P-Value 0.175
0.268
0.005
0.006
F-Value 3.22
0.20
1.82
0.37
Max Time
P-Value 0.091
0.657
0.196
0.551
F-Value 0.01
0.35
0.18
0.09
RH Step*%EC
P-Value 0.919
0.564
0.677
0.772
F-Value 0.06
0.61
0.00
2.52
RH Step*Time
P-Value 0.814
0.445
0.979
0.132
F-Value 0.30
1.15
0.51
0.76
%EC*Time
P-Value 0.589
0.299
0.485
0.392
F-Value 2.97
0.16
0.18
3.83
3 Way Interaction
P-Value 0.104
0.692
0.677
0.068
Error
Adj MS 0.2617
0.2556
1.748
2.441
KS 1:1
KMS 1:1:1
Measured aw
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Figure 2.19. Left is a moisture sorption isotherm of KS and KMS generated by the SPS and
the dashed line is the aw of the saturated solution and the ternary blend’s RH0mix is much
higher than the saturated solution’s aw . Right is the sorption profiles of KS and KMS using
the DDI and the aw of the ternary blend drops after deliquescence.
The %EC was a significant factor in determining the deliquescence point with the
blends using the VSA, all samples using the SPS, and NaCl using the VTI. The 0.01%EC
is sensitive enough to hold at RHs just above the RH0 for the Max Time, allowing for an
accurate extrapolation of the RH0.When comparing the factor plots, the 0.1%EC measured
a higher RH0 than 0.01%EC and 1%EC. The 0.1%EC setting is not sensitive enough to
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stop and hold the RH for the maximum time at RHs just above the RH0 and appears as
negligible amounts of water sorbed at those RH’s. The 0.1%EC does stop at 1-2%RH
higher than the RH0 where the sorption kinetics is great enough to exceed the %EC settings.
When calculating the RH0, the point will be higher than the 0.01%EC measurements
because the intersection is at the 1-2%RH higher than the true RH0. The 1.0%EC does not
hold for the Max Time until well past the RH0 where the kinetics are fast enough. The
deliquescence event can still be observed but the slope is much less than the 0.01 and
0.1%EC settings and extrapolation of the intersection occurs at a lower RH than the
0.1%EC but greater than the 0.01%EC. To accurately measure the RH0, one should use a
0.01%EC parameter to capture the slowest kinetics just above the deliquescence point as
these are the most important values for accurate extrapolation.
Controlling the RH step is the largest factor in measuring the RH0 and RH0mix. The
RH step was a significant factor for N and F using the VTI, F using the VSA, and all the
samples when using the SPS. As seen in Tables 2.7-9, the RH step F-values are most often
the 1st or 2nd largest factor influencing deliquescence measurement. The 1%RH steps are
able to measure the responses at RHs 3-4%RH past the RH0, allowing for extrapolation to
use data points closest to the deliquescence event. An additional issue noticed with 2 and
5%RH steps in blends, is moisture sorption kinetics no longer behaved as a 1st order
reaction and leveling off at higher RHs. This is due to the limited amount of the eutonic
composition and if all of the eutonic composition has dissolved, the sorption kinetics are
no longer in relation to the blend’s deliquescence kinetics. It is recommended to use 1%RH
step for an accurate measurement of the RH0 or RH0mix.
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Table 2.7. Ranking of F-Values of Factors and Interactions of measured RH0 and RH0mix
using the VTI (3-Way ANOVA).
Factor
RH Step

N
42.36

%EC
15.93
RH
Step*%EC
4.64
3
Way
Interaction
4.40

Factor
RH Step
RH
Step*Time

F
9.62

Factor
%EC*Time

NF
3.83

Factor
RH Step

NFK
2.82

1.93

RH Step

3.05

%EC*Time

1.78

Max Time
RH
Step*%EC

1.63

1.52

0.04

%EC
RH
Step*%EC
3
Way
Interaction
RH
Step*Time

1.25

0.83

%EC
RH
Step*%EC
3
Way
Interaction
RH
Step*Time
Max Time

0.00

Max Time

0.00

1.62

%EC*Time
RH
Step*Time

2.34

%EC*Time

2.12

Max Time

0.41

%EC
0.78
3
Way
Interaction
0.10

0.82
0.44

1.08
0.31
0.02

Table 2.8. Ranking of F-Values of Factors and Interactions of measured RH0 and RH0mix
using the SPS (3-Way ANOVA).
Factor
%EC
RH
Step*%EC
3
Way
Interaction
RH Step

N
16.48

Factor
Max Time

F
177.21

Factor
RH Step

NF
2646.79

Factor
RH Step

NFK
669.01

9.17

RH Step
RH
Step*%EC
%EC*Time

165.77

1243.01

2.18

23.55

Max Time
RH
Step*Time
Size
(Covariate

0.17

%EC
RH
Step*Time
Size
(Covariate
3
Way
Interaction

%EC
RH
Step*Time
%EC*Time
RH
Step*%EC
3
Way
Interaction

411.62

%EC*Time

%EC
RH
Step*%EC
Max Time
3
Way
Interaction
Size
(Covariate
%EC*Time
RH
Step*Time

18.54

Max Time
Size
(Covariate

1.94

4.64
3.55

0.12
0.01

51.51
37.40

10.81
3.57
1.91

287.04
118.63
95.64
29.49

15.25

86.78
74.58
26.52
5.33

0.25
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Table 2.9. Ranking of F-Values of Factors and Interactions of measured RH0 and RH0mix
using the VSA (3-Way ANOVA).
Factor
N
Max Time
3.22
3
Way
Interaction
2.97

Factor
RH Step

F
30.86

Factor
%EC

NF
10.64

%EC

1.31

Max Time

1.82

%EC

2.02

1.15

RH Step

RH Step

0.84

0.61

%EC*Time
RH
Step*Time
RH
Step*%EC

0.30

%EC*Time
RH
Step*Time
RH
Step*%EC

%EC*Time
RH
Step*%EC
3
Way
Interaction
RH
Step*Time

0.06
0.01

0.35

Max Time
0.20
3
Way
Interaction
0.16

NFK
10.16

1.22

Factor
%EC
3
Way
Interaction
RH
Step*Time

0.51

%EC*Time

0.76

0.18

RH Step

0.75

0.18

Max Time
RH
Step*%EC

0.37

0.00

3.83
2.52

0.09

When comparing the approaches used in previous publications for measuring
deliquescence, there are wide ranges of the method parameters. The method parameters to
measure the RH0 have varied greatly using RH steps from 1%RH steps to 5%RH,
0.001%EC-0.01%EC, and 0.5-12Hr Max Time (4, 17, 30). The reported deliquescence
points between studies can vary by several RHs and to help alleviate the deviation of the
RH0 measurements due to inconsistent parameters, the following method recommendation
would be given when using a DVS method for determining deliquescence points: a 1%RH
step, 0.01%EC, and either a 3 or 1.5Hr Max Time. The same recommendation would be
used for all the DVS devices and when using the recommended method parameters, the
measured RH0 of N, F, and the RH0mix of NF values correlate with previous studies (7, 15,
22).
2.4.3 Static Isopiestic Method
Single ingredients and blends were stored in RH-controlled desiccators for 24 hours,
and their moisture sorption was documented and plotted against RH (Figure 2.20). The
deliquescence points were determined by using extrapolation of weight gain above and
below the deliquescence point (the same approach as used for the DVS RH0 determination
method) and are reported in Table 2.10. The measured RH0 of single ingredients were
lower than compared to the saturated solution’s aw while the blends values were greater.
Large variability was seen in the isotherms (Figure 2.20) where the standard deviation at
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each RH could vary as much as 10% of the weight change observed. This error is carried
into the extrapolation and the calculated deliquescence point value will have a low
precision. The biggest downfall to this method is the equilibration of the desiccators’
headspace. Once the desiccator is closed, the time it takes for the headspace RH to
equilibrate with the salt solution aw can vary depending on the gradient between the
ambient RH and aw of the solution. This equilibration time for the RH in the chamber causes
the sorption kinetics to be inaccurate because samples at higher RHs will have an
accelerating kinetics above the RH0 as the RH is equilibrating. Longer incubation times to
compensate for the RH equilibration could lead to the complete deliquescence of samples
at higher RHs before 24hrs. Since no more solids are present, the a w of the solution
increases, narrowing the differences in the chemical potential and slowing the kinetics of
moisture uptake. This would cause the slope of the line to decrease and extrapolate back to
a lower RH for the RH0 (or RH0mix) measurement. The static isopiestic method to measure
deliquescence requires a larger sample size, a high accuracy bench top scale, and still
produces results with a large variability. It is not a recommended method for accurately
determining a deliquescence RH due to the low precision.
Table 2.10. Static Isopiestic RH0 values and comparison to aw value
Sample
RH0 or RH0mix Δ from aw of saturated
solution
NaCl
69.2
-6.2
Fructose

59.5

-1.4

NF

39.9

2.4

NFK

40.1

5.2
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Figure 2.20. Static Isopiestic values used to measure RH0 and RH0mix
2.4.4

Dynamic Dewpoint Sorption (DDI) Profile

DDI profiles of F, K, KS (1:1), MKS (1:1:1), and eutonic blend of MKS (2.4:1.1:6.5)
are presented in Figures 2.21-24. The RH0 and RH0mix can be easily measured using a DDI
profile, identified as the sharp uptake in moisture sorption as shown in Figure 2.21. If the
kinetics of deliquesce does not exceed solute dissolution, the aw of the deliquescence point
would be held at the deliquescence aw. In Figure 2.21 and Table 2.11, the measured RH0 or
RH0mix was not greatly affected by the vapor flow rate for most samples. However, a
general trend of faster vapor flow rates tend to have greater RH0 or RH0mix values and fewer
data points. In Table 2.2, the RH0 of NaCl at 200mL/min was 0.760 and speeds at 100 and
50mL/min measured at 0.750 and 0.751, respectively. The measured RH0 at 50 and
100mL/min are similar to the reported values of the aw of a saturated NaCl solution (0.753)
(22). The inaccuracy of the elevated vapor flow rates did not affect the KCl or Sucrose
RH0 values. Overall, the vapor flow rates from 50-150mL/min were consistent but at
200mL/min the measured RH0 tended to deviate (Table 2.11).
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Table 2.11. Deliquescence water activities determined using a DDI sorption profile with
different vapor flow rates.
Speed
Sample

(mL/min)

RH0 aw

Fru (1-2g)

50

0.643

Fru (1-2g)

100

0.646

Fru (1-2g)

150

0.649

Fru (4g)

100

0.631

Fru (4g)

150

0.641

KCl

50

0.847

KCl

100

0.850

KCl

200

0.848

KS

50

0.700

KS

100

0.702

KS

150

0.700

KS Eut

50

0.700

KS Eut

150

0.703

MSK

50

0.641

MSK

100

0.651

MSK

150

0.650

MSK

200

0.665

MSK Eut

50

0.642

MSK Eut

100

0.655

MSK Eut

150

0.651

MSK Eut

200

0.672

NaCl

50

0.750

NaCl

100

0.751

NaCl

200

0.760

Sucrose

50

0.852

Sucrose

200

0.855
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Figure 2.21. Little to no change of DDI profiles of K and KS with different vapor flow
rates.
2.4.4.1 Discrepancies of the DDI Moisture Sorption Profiles
Exceptions are hydrate forming ingredients (e.g. citric acid and glucose), ternary
blends, and sugars that undergo mutarotation (e.g. fructose and glucose). For most
ingredients, upon deliquescence the weight will increase but the aw will stop increasing. As
seen in Figure 2.21, once the KS blend began to deliquesce, more of the solids went into
solution allowing the saturated solution and aw to be maintained while weight increased.
Single ingredients are able to hold the aw stable for a larger weight gain due to 100% of the
sample is available to maintain the saturated solution. If no “S” shaped pattern is present,
using the first aw after a large increase of weight is observed is an accurate method for the
RH0 measurement. Other DDI analysis methods such as linear extrapolation or the 2nd
derivative can be used to determine the deliquescence point(9). Upon complete dissolution
or when the sorption kinetics exceed the dissolution rate, the aw begins to increase because
the saturated solution concentration is no longer being maintained. Most binary blends and
single ingredients’ measured deliquescence points using 50-150mL/min deviate in minor
amounts and speeds under 150mL/min do not affect the measured results. All
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measurements deviated less than the confidence of the instrument when running at 50150mL/min (0.003aw)(45).
Deliquescence measurements had a larger variability when measuring ingredients
that undergo mutarotation. Mutarotation occurs when the crystalline solid goes into
solution and the ratios of the sugar’s tautomer and anomers shift. As noticed in Figure 2.22,
F has a large decrease in aw as it undergoes deliquescence and this is theorized to be due to
mutarotation. In solution, F has a large portion (21%) of furanose structures compared to
other sugars where the percentage of furanoses is typically very low percentage (49). As
fructose goes into solution the α-pyranose concentration decreases while both the α and βfuranose concentration of fructose increase and is shown to take over 2-3 hours to
equilibrate(48). As seen in Figure 2.22, upon deliquescence the aw begins to decrease
because of tautomerization and the different ratio of the tautomers effect the interaction
with water, shifting the aw. To support this theory, the deliquescence point of ribose,
glucose, and sucrose were collected using the DDI. As expected, sugars that dropped in aw
undergo mutarotation and are the reducing sugars (the open ring structure exposing the
carbonyl is what allows them to be reducing sugars)(49). F, ribose, and glucose all have a
drop in aw upon deliquescence but S does not. Due to the α 1-2 linkage in S, this prevents
opening of either sugar unit and no mutarotation occurs upon deliquescence(49). When
measuring the RH0 of reducing sugars using the DDI, a challenge of which point is the RH0
in an “S” shaped profile arises. Since the DDI is a scanning method that does not reach
equilibrium, the aw does not drop as low as the equilibrated saturate solution’s aw. Two
possible aw values can be labeled as the RH0. The aw of the initial onset of moisture uptake
or the lowest aw after moisture uptake has occurred but for this study, the lowest aw after
weight gain is considered the RH0 as it is closer to the aw of the saturated solution. As seen
in Figure 2.22, regardless of water vapor flow rate, the aw of the onset of weight gain and
lowest aw during deliquescence, deviate very little and are all above the saturated solutions’
aw. The 1g samples had few aw points collected before the solution had no more remaining
undissolved solutes, as seen by the drastic increase of aw. This can be alleviated by using
larger samples (3-4g), but the aw still did not drop to the same aw as the saturated solution.
This is probably due to the constant dissolution and the tautomers never equilibrating.

71
Stability of the aw would not be observed until water was no longer being added to the
system so the tautomers of the dissolved fructose could reach equilibrium. Overall, using
the DDI method would not measure the same RH0 as a DVS profile or saturated solution’s
aw of sugars that undergo mutarotation because the solid and solution states are different.
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Figure 2.22. DDI profiles of F ran at different speeds and sample sizes. Large samples were
4g while the other samples were approximately 1g.
The measured RH0mix of ternary blends have large variability as seen with other
methods. The DDI does provide additional insight to what is occurring as the blend
undergoes moisture uptake. All ternary blends had a decrease in aw upon deliquescence.
This was observed once enough condensed water was present between crystals, causing all
three of the ingredients to go into solution, dropping the aw. To support crystal contact as
the reason for the “S” shaped profile, a solution of 2g MSK 1:1:1 with 100μL of water was
incubated for 72hrs, then dried at 11%RH for one month before measuring with a DDI. As
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expected, the profile in Figure 2.23, titled “dried solution” did not have the “S” shaped
pattern. The initial 2% weight gain is most likely due to the remaining glassy amorphous
sucrose portions that did not fully recrystallize. The mixture absorbed moisture below the
RH0mix but at the aw of the saturated solution, there is an increase in moisture uptake because
this aw is the RH0mix of the ternary blend. Upon the formation of more contact points this
increased the blend’s moisture sensitivity to the RH0mix of the saturated solution’s aw.
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Figure 2.23. DDI profiles of MSK Eutonic blend ran at different speeds and dashed line is
the aw of the saturated solution.

73
20
18

% Weight Change

16
14
12
10
8
6
4
2
0
0.5

0.55

0.6

0.65

0.7

0.75

Water Activity
MSK 50mL/min

MSK 100mL/min

MSK 150mL/min

MSK Saturated Solution

Figure 2.24. DDI profiles of MSK 1:1:1 ratio ran at different speeds and dashed line is the
aw of the saturated solution
When measuring the RH0mix using the aw method, blending at the eutonic
composition allowed for a wider range of water-solid ratios for consistent aw measurements.
Comparing Figure 2.11 and Figure 2.12, blending at a eutonic ratio caused the aw to drop
further using a 50 and 100mL/min flow rate but still did not drop to the equilibrated aw.
Even at the eutonic composition, using a DDI does not measure the same value as the
saturated solution’s aw and this method should not be the sole method for measuring the
RH0mix of blends with 3+ ingriedients. The beneficial aspect of the DDI measuring a ternary
blend, is the hybrid properties of a DVS and aw method. It shows the aw of initial moisture
uptake, similar to a DVS method but also shows how incorporating moisture, can change
the aw of the solution.
Since the DDI is a new method of measuring sorption profiles, limited research has
been done using the DDI to measure the RH0 but, the DDI has been used to measure the
RH0 of sucrose and α-D-glucose. The vapor flow rate to measure the RH0 of S was
300mL/min and the reported value was 0.852, (43) which is comparable to this study and
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previous documented values (14, 15, 28). To measure the RH0 of α-D-glucose, the vapor
flow rate was also 300mL/min and at 25°C, and the RH0 was measured at 0.905 (50) and
this is the same reported value of the deliquescence point of glucose monohydrate (7, 15,
51) Another study used the DDI to evaluate the effects of NaCl on amorphous blends, and
the flow rate was 80mL/min (33). From the few studies that have used the DDI sorption
profile, there has been a large range of vapor flow rate used and for future studies it is
recommended to use a flow rate from 50-150mL/min. If measuring a sugar that undergoes
mutarotation or blend with +3 ingredients, the DDI serves as an excellent option to
understand the chemical or physical changes that might be occurring but should not be used
alone in these cases. A DVS profile and or equilibrated aw measurement should be used to
compliment the DDI profile.
2.4.1

Method Comparison

Measuring the RH0 of an ingredient or blend can be done using multiple methods,
each with their own limitations and benefits. In Tables 2.12-14, the deliquescence
measurement methods are compared by measuring the RH0 and RH0mix using the
recommended parameters as stated earlier. The static isopiestic method was not included
because of its obvious differences and impracticality. As seen with the DVS method, using
a 2%RH step compared to a 1%RH step significantly effects the measured RH0 value and
5%RH steps were drastically different and when using salt slurries, the RH step is typically
much greater than 2%RH.
When measuring N and SK, the methods were statistically the same and if they
were different, the difference was negligible, suggesting all tested methods using the
recommended parameters would provide accurate results. Most food ingredients do not
change when going into solution and the methods used for N and SK would apply to most
single ingredients and binary blends. The exception for a method would be for measuring
a blend with 3+ ingredients, reducing sugar, or a blend containing a reducing sugar. If
measuring the RH0 or RH0mix of a reducing sugar or blend containing one, the DVS method
results would represent the deliquescence point of the solid form of the sugar. Upon
dissolution, the sugar undergoes mutarotation and the concentration of the different forms
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shift. From the F results, it appears the solution-solid phase boundary of the crystalline
form (mostly α-pyranose) is at a higher aw than the solution form (greater concentrations
of α and β-furanoses). If deliquescence of a solid is the concern, then measuring the RH0
of the sugar at the tautomer ratio of the solid is a better representation of what would happen
in dry storage since the aw is of the tautomer concentration while in solution. In conclusion,
it is recommended to use a DVS method to measure the RH0 of a compound that undergoes
chemical changes upon dissolution.
A large deviation was present for the methods measuring the ternary blend due to
the limitation of the blend contact points. Using a DVS or DDI method would provide a
pseudo-RH0mix that would be higher than the saturated aw. With RH cycling even below the
deliquescence point, capillary condensation can cause liquid bridges to form that will
eventually lead to clumping and caking(3). These liquid bridges would promote all of the
ingredients to be in contact and have a lower RH0mix than a fresh blend measured using a
DVS method. It would be recommended to use the aw of the saturated solution as it would
provide the lowest RH at which deliquescence can occur, regardless of contact between the
crystals. If a ternary blend contains a reducing sugar, it is recommended to still use the a w
because it would be a conservative value. When measuring the RH0 of chemically labile
ingredients (vitamins) that would change during solution equilibration, using a DVS or
DDI would be an appropriate alternative to measure the critical RH at which moisture
uptake will occur.
In comparison of the devices, the SPS was the best device for the DVS methods
while the VTI and VSA were comparable but had greater deviation. The SPS’s temperature,
RH, and weight measurements were much more stable and could run multiple samples.
The SPS is more suitable for research facilities as the capital cost and equipment cost is
higher than the other equipment. The VSA is practical for industry and is suitable for
research because it is durable, easy to use, and cost effective while still producing valuable
information. The VSA can measure aw, run a DVS profile, and is also capable of the DDI
method which creates a second sorption profile that could provide more information as
seen with the ternary blends and F. The DDI is a beneficial profile to monitor a w changes
that are occurring during deliquescence and would provide additional insight to what is
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occurring during moisture uptake. For quality assurance protocols or measuring many
deliquescence points, the aw of saturated solution is the most practical as most food
facilities have one. This method will show the aw of the phase boundary between a solution
and solid but cannot measure the kinetics.

Table 2.12.Method comparison of single ingredients, grouping is by significance (Tukey
HSD α=0.05).

NaCl
Fructose
Method Avg. RH0 Grouping Method Avg. RH0 Grouping
VSA
75.93
A
DDI
62.86
A
VTI
75.56
AB
VSA
62.16
AB
75.4
SPS
61.86
aW
B
AB
SPS
75.35
B
VTI
61.39
AB
DDI
75.1
60.9
B
aW
B

Table 2.13. Method Comparison of binary blends, grouping is by significance (Tukey HSD
α=0.05).

NaCl & Fructose Blend
Sucrose & KCl Blend
Method Avg. RH0 Grouping Method Avg. RH0 Grouping
DDI
46.6
A
VSA
71.03
A
SPS
43.6
B
DDI
70.2
B
VTI
42.5
70.13
B
aW
B
VSA
41.1
B
SPS
69.94
B
37.5
aW
C
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Table 2.14. Method Comparison of ternary blends, grouping is by significance (Tukey
HSD α=0.05).

NaCl, Fructose, & KCl Blend MSG, Sucrose, & KCl Blend
Method Avg. RH0 Grouping Method Avg. RH0 Grouping
DDI
43.2
A
SPS
66.67
A
VTI
43.1
A
VSA
65.19
B
SPS
42.7
A
DDI
64.2
B
VSA
40.5
61.69
A
aW
C
34.9
aW
B

2.5

Conclusions

To measure the deliquescence point of a single ingredient or binary blend, using a
DVS method, the DDI method, or measuring the aw of a saturated solution would all
provide an accurate measurement, with the caveat that the experimental conditions
recommended in this study are used. When measuring the RH0mix of a ternary blend, the aw
of a saturated solution will provide a lower limit of possible deliquescence but also use a
DVS profile to measure for the current moisture sensitivity. To measure the RH0 or RH0mix
by the aw of a saturated solution, use 1-2g of solid, with blends at the eutonic composition,
a water solid ratio of 50-125μL/g, and equilibrate for 24 hrs for single ingredients and 48hrs
for blends. For DVS methods use a 1%RH step, 0.01%EC, and 1.5 or 3hr Max Time setting.
The DDI is an effective method for measuring single ingredients and binary blends and can
be accurately measured using flow rates between 50-150mL/min. As a reference technique,
measuring the aw of a saturated solution of a single ingredient (or a blend prepared near the
eutonic composition) is recommended not only for the precision of results, but also because
it eliminates the experimental error associated with extrapolating the RH0 or RH0mix from
moisture sorption profiles and aw machines are present in most food research facilities. If
measuring the deliquescence of a single ingredient that undergoes tautomerization, the
DVS method is recommended for determining the RH0 of the solid.

78
2.6 References
1.
Billings, S.; Bronlund, J.; Paterson, A., Effects of capillary condensation on the
caking of bulk sucrose. Journal of food engineering 2006, 77, 887-895.
2.
Lipasek, R. A.; Ortiz, J. C.; Taylor, L. S.; Mauer, L. J., Effects of anticaking
agents and storage conditions on the moisture sorption, caking, and flowability of
deliquescent ingredients. Food Research International 2012, 45, 369-380.
3.
Stoklosa, A. M.; Lipasek, R. A.; Taylor, L. S.; Mauer, L. J., Effects of storage
conditions, formulation, and particle size on moisture sorption and flowability of
powders: A study of deliquescent ingredient blends. Food Research International 2012,
49, 783-791.
4.
Li, N.; Taylor, L. S.; Mauer, L. J., Degradation Kinetics of Catechins in Green
Tea Powder: Effects of Temperature and Relative Humidity. Journal of Agricultural and
Food Chemistry 2011, 59, 6082-6090.
5.
Salameh, A. K.; Taylor, L. S., Role of Deliquescence Lowering in Enhancing
Chemical Reactivity in Physical Mixtures. The Journal of Physical Chemistry B 2006,
110, 10190-10196.
6.
Loeser, E.; Sutton, P.; Skorodinsky, A.; Lin, M.; Yowell, G., Chemical
interactions between an active pharmaceutical ingredient and its counterion in a
tromethamine salt under forced degradation conditions. Drug development and industrial
pharmacy 2012, 38, 357-364.
7.
Mauer, L. J.; Taylor, L. S., Water-solids interactions: deliquescence. Food
Science and Technology 2010, 1.
8.
Thiel, P. A.; Madey, T. E., The interaction of water with solid surfaces:
fundamental aspects. Surface Science Reports 1987, 7, 211-385.
9.
Yao, W.; Yu, X.; Lee, J. W.; Yuan, X.; Schmidt, S. J., Measuring the
Deliquescence Point of Crystalline Sucrose as a Function of Temperature Using a New
Automatic Isotherm Generator. International Journal of Food Properties 2011, 14, 882893.
10.
Zografi, G., States of water associated with solids. Drug Development and
Industrial Pharmacy 1988, 14, 1905-1926.
11.
Wexler, A. S.; Seinfeld, J. H., 2ND-GENERATION INORGANIC AEROSOL
MODEL. Atmospheric Environment Part a-General Topics 1991, 25, 2731-2748.
12.
Lipasek, R. A.; Li, N.; Schmidt, S. J.; Taylor, L. S.; Mauer, L. J., Effect of
Temperature on the Deliquescence Properties of Food Ingredients and Blends. J. Agric.
Food Chem. 2013.

79
13.
Okorafor, O. C., Solubility and density isotherms for the sodium sulfate-watermethanol system. Journal of Chemical and Engineering Data 1999, 44, 488-490.
14.
Dupas-Langlet, M.; Benali, M.; Pezron, I.; Saleh, K.; Metlas-Komunjer, L.,
Deliquescence lowering in mixtures of NaCl and sucrose powders elucidated by
modeling the water activity of corresponding solutions. Journal of food engineering 2013,
115, 391-397.
15.
Salameh, A. K.; Mauer, L. J.; Taylor, L. S., Deliquescence Lowering in Food
Ingredient Mixtures. Journal of Food Science 2006, 71, E10-E16.
16.
Kotz, J. C.; Treichel, P. M.; Weaver, G. C., Chemistry and chemical reactivity.
Cengage Learning: 2006.
17.
Salameh, A. K.; Taylor, L. S., Deliquescence in binary mixtures. Pharmaceutical
research 2005, 22, 318-324.
18.
Kwok, K.; Mauer, L. J.; Taylor, L. S., Phase behavior and moisture sorption of
deliquescent powders. Chemical Engineering Science 2010, 65, 5639-5650.
19.
Ross, K. D., Estimation of Water Activity in Intermediate Moisture Foods. Food
Technology 1975, 29, 26-&.
20.
Li, X.; Gupta, D.; Eom, H. J.; Kim, H.; Ro, C. U., Deliquescence and
efflorescence behavior of individual NaCl and KCl mixture aerosol particles.
Atmospheric Environment 2014, 82, 36-43.
21.
Wu, X. Q.; He, W.; Guan, B. H.; Wu, Z. B., Solubility of Calcium Sulfate
Dihydrate in Ca-Mg-K Chloride Salt Solution in the Range of (348.15 to 371.15) K.
Journal of Chemical and Engineering Data 2010, 55, 2100-2107.
22.
Greenspan, L., HUMIDITY FIXED-POINTS OF BINARY SATURATED
AQUEOUS-SOLUTIONS. Journal of Research of the National Bureau of Standards
Section a-Physics and Chemistry 1977, 81, 89-96.
23.
Young, J. F., HUMIDITY CONTROL IN LABORATORY USING SALT
SOLUTIONS - A REVIEW. Journal of Applied Chemistry 1967, 17, 241-+.
24.
Marcolli, C.; Luo, B. P.; Peter, T., Mixing of the organic aerosol fractions:
Liquids as the thermodynamically stable phases. J. Phys. Chem. A 2004, 108, 2216-2224.
25.
Stubberud, L.; Arwidsson, H. G.; Larsson, A.; Graffner, C., Water solid
interactions II. Effect of moisture sorption and glass transition temperature on
compactibility of microcrystalline cellulose alone or in binary mixtures with polyvinyl
pyrrolidone. International Journal of Pharmaceutics 1996, 134, 79-88.

80
26.
Horwitz, W.; Latimer Jr, G. W., Method 978.18 Water Activity of Canned
Vegetables. In AOAC Official Methods ot Analysis 18th Ed., AOAC International:
Arlington VA, 2006.
27.
Colberg, C. A.; Krieger, U. K.; Peter, T., Morphological investigations of single
levitated H2SO4/NH3/H2O aerosol particles during deliquescence/efflorescence
experiments. J. Phys. Chem. A 2004, 108, 2700-2709.
28.
Mauer, L. J.; Taylor, L. S., Deliquescence of pharmaceutical systems.
Pharmaceutical Development and Technology 2010, 15, 582-594.
29.
Cohen, M. D.; Flagan, R. C.; Seinfeld, J. H., STUDIES OF CONCENTRATED
ELECTROLYTE-SOLUTIONS USING THE ELECTRODYNAMIC BALANCE .1.
WATER ACTIVITIES FOR SINGLE-ELECTROLYTE SOLUTIONS. Journal of
Physical Chemistry 1987, 91, 4563-4574.
30.
Hiatt, A. N.; Ferruzzi, M. G.; Taylor, L. S.; Mauer, L. J., Impact of deliquescence
on the chemical stability of vitamins B1, B6, and C in powder blends. Journal of
agricultural and food chemistry 2008, 56, 6471-6479.
31.
Schmidt, S. J.; Lee, J. W., COMPARISON BETWEEN WATER VAPOR
SORPTION ISOTHERMS OBTAINED USING THE NEW DYNAMIC DEWPOINT
ISOTHERM METHOD AND THOSE OBTAINED USING THE STANDARD
SATURATED SALT SLURRY METHOD. International Journal of Food Properties
2012, 15, 236-248.
32.
Yao, W.; Yu, X.; Lee, J. W.; Yuan, X. D.; Schmidt, S. J., Measuring the
Deliquescence Point of Crystalline Sucrose as a Function of Temperature Using a New
Automatic Isotherm Generator. International Journal of Food Properties 2011, 14, 882893.
33.
Ghorab, M. K.; Marrs, K.; Taylor, L. S.; Mauer, L. J., Water-Solid Interactions
between Amorphous Maltodextrins and Crystalline Sodium Chloride. Food Chemistry
2013.
34.
Ghorab, M. K.; Toth, S. J.; Simpson, G. J.; Mauer, L. J.; Taylor, L. S., Watersolid interactions in amorphous maltodextrin-crystalline sucrose binary mixtures.
Pharmaceutical development and technology 2013, 1-10.
35.
Han, J. H.; Martin, S. T., Heterogeneous nucleation of the efflorescence of
(NH4)(2)SO4 particles internally mixed with Al2O3, TiO2, and ZrO2. J. Geophys. Res.Atmos. 1999, 104, 3543-3553.
36.
Ge, Z. Z.; Wexler, A. S.; Johnston, M. V., Deliquescence behavior of
multicomponent aerosols. J. Phys. Chem. A 1998, 102, 173-180.

81
37.
Yang, L. T.; Pabalan, R. T.; Juckett, M. R., Deliquescence relative humidity
measurements using an electrical conductivity method. Journal of Solution Chemistry
2006, 35, 583-604.
38.
Linnow, K.; Steiger, M., Determination of equilibrium humidities using
temperature and humidity controlled X-ray diffraction (RHARD). Anal. Chim. Acta
2007, 583, 197-201.
39.
Braun, C.; Krieger, U. K., Two dimensional angular light scattering in aqueous
NaCl single aerosol particles during deliquescence and efflorescence. Optics Express
2001, 8, 314-321.
40.
Barbosa-Cánovas, G. V.; Fontana Jr, A. J.; Schmidt, S. J.; Labuza, T. P., Water
activity in foods: fundamentals and applications. John Wiley & Sons: 2008; Vol. 13.
41.

Decagon Devices, I., Aqualab 4TE-Operator's Manual. In 2013.

42.
Labuza, T.; Kaanane, A.; Chen, J., Effect of temperature on the moisture sorption
isotherms and water activity shift of two dehydrated foods. Journal of Food Science
1985, 50, 385-392.
43.
Schmidt, S. J.; Lee, J. W., Comparison Between Water Vapor Sorption Isotherms
Obtained Using the New Dynamic Dewpoint Isotherm Method and Those Obstaine
Using the Standard Saturated Salt Slurry Method International Journal of Food Properties
2012, 15, 236-248.
44.
Carter, B. P.; Schmidt, S. J., Developments in glass transition determination in
foods using moisture sorption isotherms. Food Chemistry 2012, 132, 1693-1698.
45.

Decagon Devices, Inc., Vapor Sorption Analyzer-Operator's Manual. In 2014.

46.
Al-Muhtaseb, A.; McMinn, W.; Magee, T., Moisture sorption isotherm
characteristics of food products: a review. Food and Bioproducts Processing 2002, 80,
118-128.
47.
Goldberg, R. N.; Tewari, Y. B., Thermodynamic and transport properties of
carbohydrates and their monophosphates: the pentoses and hexoses. Journal of physical
and chemical reference data 1989, 18, 809-880.
48.
Flood, A. E.; Johns, M. R.; White, E. T., Mutarotation of d-fructose in aqueousethanolic solutions and its influence on crystallisation. Carbohydrate Research 1996, 288,
45-56.
49.
Fennema, O. R.; Damodaran, S.; Parkin, K. L., Fennema's Food Chemistry. CRC:
2008.

82
50.
Scholl, S. Investigation of glucose hydrate formation and loss: Parameters,
mechanisms and physical stability. University of Illinois, Urbana, Illinois, 2014.
51.
Ruegg, M.; Blanc, B., THE WATER ACTIVITY OF HONEY AND RELATED
SUGAR SOLUTIONS. Lebensmittel-Wissenschaft & Technologie 1981, 14, 1-6

83

CHAPTER 3. COMMON-ION EFFECTS ON THE DELIQUESCENCE LOWERING
OF CRYSTALLINE INGREDIENT BLENDS

3.1

Abstract

The deliquescence points (RH0 and RH0mix) of common ionic food ingredients
(NaCl, KCl, ascorbates, thiamine HCl, and citrates) and blends thereof (equal ingredient
ratios) were determined using water activity (aw) and DDI (Decagon AquaSorp)
measurements. The effects of common ions (both anions and cations) in ingredient blends
on the measured RH0mix and compared these values to the Ross equation predictions. In
binary blends with no shared ion, measured values varied from 8% RH lower (enhanced
solubility) to 2% RH higher than predicted values. When an ion was shared in a binary
blend, the measured RH0mix was consistently 7-8% RH higher than the Ross equation
predictions, and the RH0mix of tertiary blends with a common ion were 16-18% RH higher
than predicted. The diminished deliquescence lowering (higher than predicted RH0mix)
caused by the common-ion effect can be explained by Le Chatelier’s principle: the
common-ion will compete while equilibrating in solution. At equilibrium, the solution will
be saturated with the common-ion while the counterions’ solubility will decrease due to
the inability to dissociate at the same concentration. With an overall decrease in solubility,
there will be fewer dissociated ions in the solution and the vapor pressure will be higher,
as explained by Raoult’s law. Since the aw of a saturated solution is the same as the
deliquescence point, the RH0mix is increased due to the decrease in solubility of the blend.
The new RH0mix of blends with a common ion was accurately predicted using a modified
Ross Equation that accounts for the common-ion effect.
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3.2

Introduction

3.2.1

Deliquescence

The effects of water-solid interactions are important to understand in order to both
maintain the physical and chemical integrity of dry food products and avoid undesirable
storage conditions as incorporating water into a blend of dry ingredients can lead to
enhanced degradation, clumping, and dissolution (1-7). A critical relative humidity (RH)
for many hygroscopic crystalline ingredients is the deliquescence point. Deliquescence is
a first-order phase transformation of a crystalline solid to a saturated solution that is
initiated at a defined relative humidity (RH0) at fixed temperatures and isobaric conditions
(7). Below the RH0, a limited amount of water collects on the surface of the crystal due
adsorption or capillary condensation at irregularities and contact points (8). Once the RH
exceeds the RH0, a gradient between the chemical potential (μ) of water on the surface of
the crystal and the water in the air is created, causing a driving force for moisture to
condense on the surface of the crystal (9). As moisture accumulates on the surface of the
crystal during deliquescence, the additional water dissolves the solid leading to complete
dissolution with time above the RH0. Assuming the kinetics of water sorption does not
exceed dissolution rates, the water activity (aw) of the solution will remain constant as more
solid dissolves. This aw is equivalent to the RH0 and can be considered as a phase boundary
where the saturated solution and the solid phase are both thermodynamically stable. As
seen in Equation 3.1, the μ of the system is directly correlated to the aw (ratio of vapor
pressures).

 ps 
s    RT  ln 
p0 

[Equation 3.1] (7, 8)

When two or more deliquescent compounds are blended together, they will have a
new deliquescence point known as the RH0mix that is different than the individual

 RH0mix is always lower than the individual compounds’ RH0 (10).
ingredients’ RH0s. The
This is because the blend of compounds will go into solution together, increasing the total
number of solutes in a blended saturated solution compared to the individual saturated
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solutions. According to Raoult’s law, in an ideal solution there is an inverse relationship
between the solute concentration and vapor pressure because the solute interacts with water
as hydration shells form around the ion (e.g. Na(H2O)4+) (11, 12). By having multiple
solutes in the saturated solution, there is an overall increase of molar concentration, causing
the aw of the saturated solution to decrease, thus lowering the deliquescence point.
Deliquescence lowering can also be explain thermodynamically by the Gibbs-Duhem
Equation (Equation 3.2). In a binary blend solution, the chemical potential of the first
ingredient (μ1) will remain constant while incorporating the second component and the
second ingredient will have its own chemical potential (μ2) causing the chemical potential
of water (μw) to decrease to balance the equation as seen in Equation 3.2. The presence of
a second compound in a solution will always decrease the chemical potential of water,
which has a direct effect on the aw as seen in Equation 3.1 (7).
A requirement of deliquescence lowering is physical contact between the crystals
as it is not seen when they are no crystal-crystal contact points(10). It is hypothesized that
capillary condensation at crystal-crystal contact points initiates dissolution of these solids.
According to the Kelvin Equation, at crystal-crystal contact points as the droplet radius
approaches 0, at some distance between the crystals there will be water condensation and
mixing of the two solutes, allowing for the thermodynamics in the Gibbs-Duhem Equation
(Equation 3.2) to take place (1, 7).
n1 dμ1 + n2 dμ2 + nw dμw = 0

[Equation 3.2] (7, 13)

The RH0mix is consistent regardless of the ratios of the ingredients in the blend
because only the eutonic composition deliquesces above the RH0mix and is independent of
the overall blend ratio (10, 14). The eutonic composition can be estimated by the ratio of
the individual ingredients solubilities and only this eutonic composition will go into
solution just above the RH0mix. In theory just above the RH0mix, the eutonic composition
will go into solution 100% with time, while leaving the excess compound as a solid until
the RH increases beyond the compound’s RH0 (15).
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3.2.2 Predicting the RH0mix
The RH0s of single ingredients have been reported in previous studies and databases,
but there is less information available on the deliquescence points of blends (7, 16, 17).
The RH0 and RH0mix can be determined by measuring the aw of a saturated solution of the
ingredient(s), as well as by moisture sorption techniques (7, 10). Another method is to
estimate the RH0mix by using models or equations. Examples of such models are the
Zdanovskii-Stokes-Robinson Equation, the Ross Equation (Equation 3.3), and Raoult’s
Law (15, 18-20). The Ross Equation was shown to be a good predictor of the RH0mix in
multiple studies and is the most common model used for predicting the RH0mix (10). For
most blends, the Ross Equation prediction of the RH0mix is accurate; however, unexplained
larger variations have been noticed in blends with a common ion (7, 10).
aW = (a°)1 (a°)2 (a°)3…

[Equation 3.3](10, 19)

The three models referred to above do not account for any ion-ion interactions
between ingredients in a blend, and deviations between predictions and measurements arise
when there are interactions between the ingredients upon dissolution. Other equations have
been developed to account for ingredient interactions in solutions. The FerroFontán–
Chirife–Benmergui Equation is a modified Ross Equation that includes the ionic strength
of the solution, which could compensate for the common-ion effect. The ZdanovskiiStokes-Robinson Equation has also been extended to include calculated parameters from
experimental data to compensate for interactions (15, 21). The Norrish equation is another
example of using constants produced from measured values to predict the aw of a solution
and has been shown to be accurate in diluted systems and binary blends (20, 22). Previous
studies using these models to predict the aw of a blend found the extended ZdanovskiiStokes-Robinson Equation to be the most accurate because it uses measured values to
compensate for interactions that may cause deviations (15).
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3.2.3

Deviations of the RH0mix

Assumptions of the Ross Equation include: 1) the blend of ingredients will behave
like an ideal solution with no interaction between the compounds, and 2) each ingredient
will go into solution at its original solubility constant (Ksp). In reality, solutes do interact,
and with greater concentrations of solutes deviations tend to increase. The Ross Equation
has proven to be an accurate prediction of the RH0mix for many ingredient blends, with the
greatest accuracy at aw >0.55 (15, 20). The deviations from the prediction of the Ross
Equation are represented using χ (Equation 3.4).

χ=

(Measured RH0mix )
(Predicted RH0mix )

[Equation 3.4] (7, 10)

The RH0mix can be lower than predicted (χ < 1) for blends with an enhanced
solubility, where there is a negative Gibbs free energy of mixing (15). To compensate for
deviations from the ideal solution behaviors, activity coefficients can be used for better
predictions. The Debye-Hückel theory uses a calculated activity coefficient that decreases
with an increasing concentration of ions to decrease the aw further than an unmodified
Raoult’s equation, but this theory is accurate only for electrolyte solutions at dilute
concentrations. The smaller activity coefficient drops the aw further to compensate for the
increased strength of interactions between the solutes and water (11). The Debye-Hückel
theory can be taken further to include the electrostatic energy by the distance from ion to
ion in solution as shown by the Boltzmann expression (11). These theories can be used to
help explain why the aw can be lower (χ < 1) at high solute concentrations than what is
calculated using the Ross Equation.
Although enhanced solubilities at high concentrations are typically expected, and
therefore the measured aw values tend to be lower than predicted, there are cases where the
measured RH0mix is greater than the predicted RH0mix(χ >1) . An observed trend was blends
with common (shared) ions had a higher RH0mix values than predicted when using the Ross
Equation and a diminished deliquescence lowering was observed (7, 23). The hypothesis
for why the predicted RH0mix values were lower than the measured RH0mix values in blends
with a common ion is that the common-ion effect causes less solutes to go into solution
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than expected when using the Ross Equation. The blend becomes less hygroscopic than
predicted, and the water activity of the saturated solution (or deliquescence point) is
therefore higher than predicted.
3.2.4

The Common-Ion Effect

The hypothesis to be explored in this study is that the diminished deliquescence
lowering observed in blends of ingredients that share a common ion is due to the commonion effect. The common-ion effect is a well-established phenomenon where the solubility
of a compound will decrease if a common ion is present in the solution (12). This impact
of the common-ion effect is more subtle in highly soluble compounds (e.g. NaCl) but the
presence of a common ion with less soluble compounds (pharmaceuticals) can cause the
less soluble compound to become nearly insoluble (24). It can be explained by the Le
Chatelier’s principle, where a blend of compounds sharing a common ion will cause the
equilibrium to shift because only a maximum concentration of an ion can exist in solution
due to the individual solubility constants (Ksp).
K sp = [Cation+ ][Anion− ]

[Equation 3.5] (12)

The compounds will compete to dissociate from the common ion causing an overall
decrease of solutes than assumed by the Ross Equation. Figure 3.1 is an illustration of the
competition to dissociate in the presence of the common ion. In the NaCl KCl solution,
there are the same number of Cl- ions as the individual solutions but half as many Na+ and
K+ ions because NaCl and KCl’s Ksps have to share the Cl- concentration. The MSG KCl
behaves as an ideal solution and the Na+ concentration is higher because it is able to freely
dissociate from the glutamate ion without the common-ion effect. According to Raoult’s
Law, the vapor pressure of the saturated NaCl KCl solution will be increased due to the
common-ion effect compared to what is predicted using the Ross Equation. This can be
directly related to the RH0mix of blend with a common ion. In theory blending with common
ions will cause a diminished deliquescence lowering effect and create a less moisture
sensitive blend.
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Figure 3.1. Theoretical diagram of the common ion effect between NaCl and KCl, showing
the same concentration of the blend’s shared ion in solution and a concomitant decrease of
the counterions in solution, and a saturated solution of MSG and KCl with no common ion.
A further understanding of how the common-ion effect can cause diminished
deliquescence lowering is needed. Blending with common ions could provide a way to
blend more efficiently without making the blend extremely moisture sensitive in dry
storage. It is also important to have a better estimation of the RH0mix values for blends that
share a common ion, because the most common RH0mix prediction equations overlook this
interaction. Estimating the RH0mix accurately is beneficial for setting appropriate good
manufacturing practices for temperature and humidity control to ensure the dry blends do
not clump or chemically interact. Therefore, the objectives of this study were to determine
the effects of common ions (both anions and cations) in ingredient blends (binary and
ternary) on the measured RH0mix values, to compare these values to the Ross Equation
predictions, and to develop an improved model for predicting the deliquescence points of
blends that share a common ion.
3.3

Materials and Methods
3.3.1

Compounds

All compounds were reagent grade and water was double distilled and then filtered
using reverse osmosis. Sodium Ascorbate, Ascorbic Acid, Thiamine HCl, NaCl, NaBr,
Sodium Ascorbate, and Monosodium Glutamate were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO). Sucrose, KCl, and Sodium Citrate (Disodium Citrate) were
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purchased from J.T. Baker (Phillipsburg, NJ) and Calcium Ascorbate was purchased from
Spectrum (Gardena, CA).
3.3.2
3.3.2.1

Measurement of Deliquescence Points (RH0 and RH0mix)

Water Activity Measurements
The RH0 and RH0mix of single ingredients and ingredient blends, respectively, were

measured using two methods. The first method was by measuring the a w of a saturated
solution of the ingredient(s) using an AquaLab 4TE (Decagon Devices, Pullman WA). The
AquaLab 4TE measures the aw of the sample using a chilled dewpoint mirror. Equilibrated
saturated solutions were prepared by mixing 1-2g of solids with 100-250μL of water in
HDPE water activity cups (Decagon Devices), capping with HDPE lids, and storing the
samples at 25℃ for 24hrs prior to measurement. Blends were prepared by mixing equal
masses of all ingredients (1:1 for binary blends, and 1:1:1 for ternary blends) prior to the
addition of water.

3.3.2.2

Dynamic Dewpoint Sorption Profile Measurements
Dynamic Dewpoint Sorption Profiles (DDI) were also used to determine

deliquescence points. The DDI profile has been called a Dynamic Dewpoint Isotherm by
the manufacturer and other investigators (25-27). By definition, an isotherm is the amount
of water sorbed by a sample in response to equilibration with its environment, i.e. RH and
temperature (28). A DDI is a sorption profile produced by measuring the changes in aw and
weight while a stream of water vapor is blown over the sample. When a change in weight
or aw is detected, the device will stop blowing air then takes a more accurate reading of the
aw and weight. The DDI was performed by the AquaLab Vapor Sorption Analyzer (VSA)
and the previous generation model, the AquaSorp (Decagon Devices Inc.). The a w of
samples in the VSA or AquaSorp is measured using the same principles as the AquaLab
4TE and the weight is measured using a precision balance. Approximately 1g of sample
was loaded into a HDPE cup for the VSA or a stainless steel cup for the AquaSorp. The
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vapor flow rate was 100mL/min and the devices’ chilled mirror system was calibrated
using aw standards (Decagon Devices) as recommended by the manufacturer (27). All
samples were prepared and analyzed in duplicate.
3.3.3

Calculation of Predicted Deliquescence Points

Predicted deliquescence points were calculated using the Ross Equation (Equation
3.3) and aw data collected for saturated solutions of the individual ingredients. Deviations
between the measured and predicted deliquescence points were calculated using Equation
3.4.
3.4
3.4.1

Results and Discussion

Water Activities used for RH0mix Calculations

The aw of a saturated solution of each of the individual ingredients (Table 3.1) was
measured, and these values were consistent with those found in published databases (7, 17).
These aw values are equivalent to the deliquescence points (RH0) of the ingredients and
were used in the Ross Equation (Equation 3.3) to predict the deliquescence points of the
ingredient blends. These predictions are reported in Tables 3.2-5.
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Table 3.1. Water activities of saturated solutions of each of the ingredients studied, at 25℃
Compound
Ascorbic Acid
Ca Ascorbate
KCl
MSG
Na Ascorbate
NaBr
Na Citrate
Na Saccharine
NaCl
KI
Sucrose
Thiamine HCl

3.4.2

RH0 (aw)
0.98
0.95
0.84
0.87
0.87
0.58
0.86
0.91
0.76
0.68
0.85
0.88

RH0mix Measurements and Ross Equation Predictions

The deliquescence points of ingredient blends determined by both water activity
and DDI measurements are reported in Tables 3.2-4. Data for binary blends of inorganic
deliquescent ingredients are reported in Table 3.2, data for binary blends containing at least
one organic deliquescent ingredient are reported in Table 3.3, and data for ternary blends
of deliquescent ingredients are reported in Table 3.4. As expected, the RH0mix of the blends
with common ions were consistently higher than predicted using the Ross Equation, while
the blends of ingredients that did not share a common ion had less deviation between the
predicted and measured deliquescence points. All pairwise blends of KCl, NaCl, and MSG
were studied (Table 3.2, Figure 3.2) and the blend of KCl and MSG with no common ion,
was accurately predicted by Ross Equation (χ=1, Table 3.2). The binary blends with a
common ion (both anions and cations), had a diminished deliquescence lowering, as shown
by the χ values larger than 1. When NaCl and KCl were blended together, the Ross
Equation predicted a RH0mix of 0.64 but the measured RH0mix was 0.72. The measured
RH0mix of NaCl KCl agrees with measurements from previous studies, and no differences
were found between DDI and aw determinations of the deliquescence points (23, 29). This
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supports the hypothesis that blending ingredients with a common ion will cause a
diminished deliquescence lowering effect, and discrepancy between predicted and
measured deliquescence points for the NaCl KCl blend is attributed to the common ion
present in the solution (Cl- ion). In an ideal solution where no interactions would be present,
each compound would go into solution at the same concentration (Ksp) as a homogenous
solution, but this is not the case in the presence of the common-ion effect. Upon
deliquescence, each compound will begin to go into solution at the NaCl KCl contact points,
with the Cl- concentration being the limiting factor as it will be dissociating from both salts.
The Cl- ion concentration will be equal to the sum of the Na+ and K+ ions present in the
solution, creating the shift in the Ksp for each salt . The same phenomenon occurs when the
cation (Na+) is the shared ion as seen with the NaCl and MSG blend (Table 3.2) and the
RH0mix is higher than predicted.
Table 3.2. Measured and predicted deliquescence points of binary blends of ionic
crystalline ingredients that are commonly used as flavor enhancers. Delta is the difference
in measured and predicted RH0mix while χ was determined using Equation 3.4.
Predicted
χ
RH
Shared
Binary Blend
a
DDI χ (a ) (DDI)
Δ
0mix

w

w

Anion

NaCl

KCl

0.64

0.72 0.72

1.12

1.12

0.08

Cation

NaCl

MSG

0.66

0.74 0.73

1.12

1.11

0.07

None

KCl

MSG

0.74

0.74 0.74

1.00

1.00

0.00

Cation

NaCl

NaBr

0.44

0.57

1.31

1.31

0.14

None

NaCl

KI

0.51

0.57 0.57

1.10

1.10

0.06
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0.6
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0.64
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0.68

0.7

0.72

0.74

Water Activity
NaCl MSG

NaCl KCl

KCL MSG

NaCl MSG (Ross)

NaCl KCl (Ross)

KCl MSG (Ross)

Figure 3.2. Measured RH0mix (determined using DDI techniques) versus predicted RH0mix
(Ross equation predictions) in blends of NaCl, KCl, and monosodium glutamate (MSG).
The blends of NaCl with KI and NaBr behaved uniquely compared to the other
systems reported in Table 3.2. The NaCl NaBr solution has a common ion, but the actual
RH0mix was much higher than expected and had the highest deviation from the Ross
Equation prediction (χ=1.31) for binary blends. This trend was also seen in the ternary
blend of NaCl, NaBr, and Na Ascorbate where it has the highest calculated χ value at
χ=1.49. A similar observation of an outlier was made with the NaCl KI blend which did
not have a common ion but behaved similarly to a solution with a common-ion effect.
Previous literature has stated ions in the halogen family differed slightly in solution and it
was difficult to measure differences in the osmotic coefficients (30). This could explain
why different halogen anions caused larger deviations than what is predicted. The Cl-, Br-,
and I- ions interfered with each other in solution and could have caused a pseudo commonion effect. The NaCl and NaBr had a large deviation between predicted and measured
RH0mix because both the cation and anions were competing to go into solution. The KI and
NaCl solution had a larger RH0mix than expected because the anions were competing to go
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into solution (χ=1.10). A potential common periodic family ion effect was seen in the KCl
and Na Saccharin blend (Table 3.3) where χ=1.03. Typically, blends without a common
ion have a χ≤1 but this could also be due to another interaction that would decrease
solubility. A common periodic family effect was not found in KCl:MSG blends, nor was it
observed between K+ and Na+ in the study by Pitzer (30). Overall, the only solubility
competition between different ions has been noticed within the halogen family.
Table 3.3.Measured (at 25℃) and predicted deliquescence points of binary blends of
vitamins, saccharine, and salts. Delta is the difference in measured and predicted RH0mix,
while χ was determined using Equation 3.4.
Predicted
Shared
Binary Blend
RH0mix RH0mix (DDI) χ (DDI)
Δ
Cation
Na Ascorbate
NaCl
0.66
0.73
1.11
0.07
Cation
Na Ascorbate
Na Citrate
0.75
0.81
1.09
0.07
None
Na Ascorbate
KCl
0.74
0.72
0.98
-0.02
None
Ca Ascorbate
Na Citrate
0.82
0.74
0.91
-0.08
None
Ca Ascorbate
NaCl
0.72
0.73
1.02
0.02
None
Ascorbic Acid
NaCl
0.74
0.74
1.00
0.00
Anion
Thiamine HCl
KCl
0.75
0.83
1.10
0.08
Anion
Thiamine HCl
NaCl
0.66
0.74
1.12
0.08
None
Thiamine HCl Na Ascorbate
0.77
0.73
0.96
-0.03
Cation
Na Saccharine
NaCl
0.69
0.76
1.10
0.07
None
Na Saccharine
KCl
0.77
0.80
1.03
0.03
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Figure 3.3. Measured RH0mix (determined using DDI techniques) versus predicted RH0mix
(Ross equation predictions) in blends of NaCl, KCl, Ascorbic Acid, and Ascorbates.
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ThiaHCl NaAsc
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Figure 3.4. Measured RH0mix (determined using DDI techniques) versus predicted RH0mix
(Ross equation predictions) in blends of NaCl, KCl, Na Ascorbate, and Thiamine HCl.
Blends containing at least one organic ingredient (Table 3.3, Figures 3.3&3.4) had
similar deliquescence behaviors to what was observed in blends containing only inorganic
ingredients (Table 2.3), namely blends with a common ion had higher than predicted
RH0mix. In the blends of Ascorbate salts and Na Citrate studied, only the Na Ascorbate:Na
Citrate blend had a diminished deliquescence lowering. The Na Ascorbate and NaCl blend
also had a diminished deliquescence lowering, with χ=1.11 and the RH0mix was around
7%RH higher than predicted. The blends with a similar composition but without the
common ion, Ca Ascorbate:NaCl and Ascorbic Acid:NaCl, had measured RH0mix values
similar to what was predicted using the Ross Equation, with their χ values at 1.02 and 1.00,
respectively.

These results suggest the only interaction causing the diminished

deliquescence lowering is due to the common ion, Na+. A similar result was found with
Thiamine HCl where blending with NaCl or KCl caused a diminished deliquescence
lowering but blending with Na Ascorbate did not. The DDI profiles of blends with
Thiamine HCl have a baseline weight of 2% because of monohydrate formation (31). The
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aw of the saturated solutions of blends were not measured because incorporating water
dramatically increases the degradation kinetics of both Vitamin B1 and Vitamin C (32).
During the 24hr equilibration period, the samples would begin to degrade forming other
compounds such as dehydroascorbic acid. This would cause a drop in the aw as more
compounds would be present in the solution causing deliquescence lowering. Degradation
was evident especially in the Vitamin C samples, as seen by yellow color formation after
24hrs due to the dimers and polymerization that are formed during the degradation of
Vitamin C (33).
Overall, the binary blends with a common ion (excluding blends with two different
halogens) had a χ=1.09-1.12 and the blends without a common ion present had a χ=0.911.02. When deviations occurred between the predicted and measured RH 0mix values for
blends without a common ion, the RH0mix was usually lower than predicted, χ<1. The
overestimation of the predicted RH0mix values is due the enhanced solubility in some of the
blends, as seen with high concentration solutions. As explained earlier, this could be due
to the Deby-Hückel effect where strong electrolytes like KCl has shown to increase the
solubility of low soluble compounds. The dissociated electrolytes help shield the
solubilized ions of the less soluble compound to promote further dissociation (11, 15, 34).
The predicted RH0mix values of all blends containing a common ion were lower than the
measured values, attributable to the common ion effect.
Table 3.4. Measured (at 25ºC) and predicted deliquescence points of ternary blends of
vitamins and salts. Delta is the difference in measured and predicted RH0mix, while χ was
determined using Ross Equation.
Predicted
Shared
Ternary Blend
RH0mix
aw
χ (aw)
Δ
Anion
Thiamine HCl
NaCl
KCl
0.56
0.72
1.27 0.15
Cation
Na Ascorbate
NaCl
NaBr
0.38
0.57
1.49 0.19
Cation
Na Ascorbate
NaCl
Na Citrate
0.56
0.71
1.25 0.14
None
Ca Ascorbate
KCl
MSG
0.70
0.60
0.85 -0.10
Thiamine
None
Ascorbic Acid
HCl
Na Citrate
0.74
0.61
0.82 -0.13
None
Sucrose
KCl
MSG
0.63
0.61
0.97 -0.02
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In ternary blends, the common-ion effect causes an even greater deviation in
measured RH0mix from the Ross Equation prediction than compared to the deviations
observed in binary blends (Table 3.4). Deviations are expected from the measured and the
predicted RH0mix when ≥3 ingredients are present in a blend due to uneven contact points
and/or greater interactions between the ingredients while in solution (10, 14). To avoid
deviations due to ternary contact points the aw of the saturated solution was used to measure
the RH0mix. Limited publications have been made of ternary blend RH0mixs so no previous
publications have been made of the ternary blends used in this study. However, there was
a large difference between the ternary blends with a common ion and blends with no
common ion. The ternary solutions with a common ion had high χ values (1.27-1.49), while
the χ values for ternary blends without a common ion ranged from 0.82-0.97. In the ternary
Thiamine HCl:NaCl:KCl blend, the aw (0.72) is the same as that of the binary NaCl:KCl
blend (Table 3.2). Similar results were seen in the Na Ascorbate:NaCl:NaBr blend where
the binary NaCl:NaBr blend had the same aw (0.57) as the ternary system. The trend of the
ternary blend exhibiting the same aw as a binary blend of the two most soluble ingredients
present is likely caused by the limited (if any) dissolution of the least soluble ingredient
present (e.g., the ingredient that had the highest RH0 aw was either not going into solution
or dissolved at such low concentrations that the resulting effects on aw were not noticed).
The lowered solubility of the third ingredient was also noticed on a DDI profile because,
typically, a ternary blend has drop in aw as the third ingredient goes into solution upon
deliquescence in a DDI profile. The ternary blends with a common ion do not show a aw
drop, suggesting the third ingredient is going into solution at very low levels. This occurs
because the common ion will be at concentrations high enough to inhibit the less soluble
third ingredient from going into solution until the eutonic composition of the two
ingredients is no longer present in the saturated solution. Once the common ion is diluted,
the third compound will likely be able to go into solution.
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3.4.3

Predicting the RH0mix of a Blend with Common Ions Using a Modified Ross
Equation

When there are interactions between ingredients as they dissolve, such as those
found in blends of deliquescent ingredient blends that share a common ion, the Ross
Equation predictions of the mutual deliquescence point are lower than the measured values,
an error which is created because the Ross Equation is based on the assumption that an
ideal solution is present with no ingredient interactions. To compensate for ionic
interactions, the FerroFontán–Chirife–Benmergui Equation (Equation 3.6) uses a modified
Ross Equation that incorporates the ionic strength of a solution (21). This equation was
successful in accurately predicting the aw of non-saturated ionic solutions with common
ions. The FerroFontán–Chirife–Benmergui applies to dilute solutions where the
concentration (m) of each solute is known, information which is necessary to calculate the
ionic strength (I) of the solution, as shown in Equation 3.7 (11). When measuring the
RH0mix using the aw of the saturated solution, DDI, or isotherm methods, the concentration
of each compound in the saturated eutonic blend solution is much more difficult to measure
(although might be predicted based on the solubility ratios of the ingredients). Additional
modifications to the Ross Equation or the FerroFontán–Chirife–Benmergui Equation are
needed to accurately predict the RH0mix of ingredient blends that have common ions without
having to know the concentration of each solute. If successful in accounting for the ion
effects in saturated solutions, such a model could be applied for the practical prediction of
deliquescence points of complex blends of ingredients that share ions.

aw = ∏

Is

[aws (I)] I

s

[Equation 3.6] (21)
In a binary blend of inorganic salts, when no common ions are present 4 dissociated
ions will exist in the solution. Each ion will have its own concentration related to the K sp
of the salts, and the vapor pressure will be lowered by the hydration shells of the ions
interacting with water. From a thermodynamic perspective using the Gibbs-Duhem
equation, each ion has its own μ that causes the chemical potential of water to lower upon

101
dissolution of the ion. At equilibrium of a saturated solution, the chemical potential of all
dissolved ions of a salt is equal to the chemical potential of the solid, allowing both aqueous
and solid phases to coexist in a saturated solution (11). If a common ion is present in the
salt binary blend, there would be 3 ions present in the solution instead of the 4 ions assumed
from the Ross Equation. Since the chemical potential of the solutes is equal to that of the
solids, then the chemical potentials of the counterions remain the same while the common
ion is shared between two salts, thereby reducing the ionic strength roughly by 25%.
To compensate for the common-ion effect, the Ross Equation can be modified by
incorporating similar principles used by the FerroFontán–Chirife–Benmergui Equation.
The proposed new modified Ross Equation (Equation 3.8) uses the original product of the
Ross Equation but to the power of Ims /Im. The exponent is the ratio of the ionic strength
coefficients, where the numerator is the estimated ionic strength coefficient present in the
solution taking in account common ions and the denominator is the potential ionic strength
coefficient in the solids (which is assumed by the original Ross Equation). The modified
Ross Equation was applied to the experimental data collected for the individual ingredients
(Table 3.1) to predict the deliquescence points of blends containing common ions, and
results are provided in Table 3.1. The modified Ross Equation improved the predictions
of RH0mix for the binary and ternary blends containing common ions, resulting in χ values
ranging from 0.98-1.03 which were much improved over the χ values obtained using the
original Ross Equation (which ranged from 1.08-1.50).
A solid blend of NaCl and KCl has 2 pairs of covalently bound ions, but in solution
there are only 3 ions present. Using Equation 3.7, the ionic strength of the blend with two
monovalent salts would be 2m (1m + 1m), but in a solution with a common ion, such as
for a NaCl:KCl blend, the total ionic strength is being shared between the common ion and
the two counter ions, and therefore the ionic strength is estimated to be 1.5m. To
compensate for this lowering of the ionic strength, the product from the Ross Equation
prediction can be modified by a power of 1.5/2 to better fit the experimental data. The
common ion effect on the water activity of a saturated solution can also be explained by
differences in the number of ions in the solution. In a blend of monovalent salts without a
common ion, there would be 4 ions present in solution, as assumed by the Ross Equation;
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however, when a shared ion is present there would be a total of one ion in solution coming
from the shared anion or cation and therefore the total number of ions in solution would be
reduced to 3. In a blend of KCl and MSG, no common ion is present, and applying the
modified Ross Equation (Equation 3.8) would not differ from the original Ross Equation
because the prediction would be raised to the power of 4/4 (or 1) and remain the same. No
deviation was found between the Ross Equation predictions and experimental data for this
system (Table 3.2, χ=1). However, in the NaCl:KCl blend that shared an ion, the original
Ross Equation RH0mix prediction (Tables 3.2 & 3.5, 0.64) varied from the measured RH0mix
(0.72) by χ= 1.12. Applying the modified Ross Equation in which the number of ions in
solution was accounted for (using the power of ¾), the new prediction of RH0mix was 0.72,
and χ = 1 (Table 3.5).
Table 3.5. Measured (at 25℃) and predicted deliquescence points using the Ross Equation
and Modified Ross Equation of binary and ternary blends of organic and inorganic ionic
ingredients with common ions. Delta is the difference in measured and predicted RH0mix
using the Modified Ross Equation, while χ values were determined using Equation 4.
Shared
Anion
Cation
Cation
Cation

Blend
NaCl KCl
NaCl MSG
NaCl NaBr
NaCl Na Asc
Na
NaCl Saccharine
Na
Asc
Na Citrate
NaCl Thiam HCl
KCl
Thiam HCl

Cation
Cation
Anion
Anion

Measured
RH0mix
0.72
0.73
0.57
0.73

Ross
Eq.
0.64
0.66
0.44
0.66

χ
(Ross)
1.12
1.11
1.30
1.11

Mod.
Ross
Eq.
0.72
0.73
0.57
0.73

χ
(Mod.
Ross)
1.00
1.00
1.01
1.00

Δ
0.00
0.00
0.00
0.00

Exponent
(3/4)
(3/4)
(2.7/4)
(3/4)

0.76

0.69

1.10

0.75

1.00

0.00

(3/4)

0.81
0.74
0.83

0.75
0.66
0.75

1.09
1.11
1.11

0.81
0.74
0.80

0.99
1.01
1.03

0.00
0.00
0.03

(3.5/5)
(3/4)
(3/4)

0.00
0.00
0.01
0.01
0.00

(3.5/6)
(3.5/6)

Anion
Cation

Thiam
HCl
Na Asc

NaCl
NaCl

KCl
NaBr

0.72
0.57

0.56
0.38

1.27
1.50

0.72
0.57

1.00
1.00

Cation

Na Asc

NaCl

Na Citrate

0.71

0.56

1.26

0.72

0.99

Anion
Cation

Sucrose
Sucrose

NaCl
NaCl

KCl
MSG

0.60
0.62

0.55
0.56

1.08
1.11

0.61
0.62

0.98
1.01

(4/7)
(5/6)
(5/6)

When a divalent ion is present in an ingredient blend, such as Sodium Citrate
(Disodium Citrate), the ionic strength is 3m for the divalent salt and the exponent in the
modified Ross Equation needs to be adjusted accordingly. In blends of NaCl and Na Citrate,
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the Citrate-2 ion and Cl- ion contribute a total of 2 ions while the Na+ is still shared between
two compounds. The calculations would be 1*0.5 for the Na+ from NaCl and 2*0.5 for the
Na+s from Na Citrate. This is a total of 1.5 for the Na+ ions (rather than 3 assumed by the
Ross Equation), and 2 counter ions, which results in a ratio of 3.5/5 to be used as the
exponent in the modified Ross Equation. The denominator 5 is the amount of ions assumed
by the Ross Equation. This modification does not use osmotic coefficients of each ion but
the simplicity of Raoult’s law and molar concentration of solutes is directly correlated to
the vapor pressure.
1

ions
I = ∑all
mj zj2
j=1
2

aw = [(aw )1 (aw )2 ]Ims /Im

[Equation 3.7] (11)

[Equation 3.8]

Blends containing ingredients in the halogen family also showed deviations
between experimental data and Ross Equation predictions. In addition to the shared ion
(Na+) effect, the halogen anions present in binary blends of NaCl and NaBr resulted in
experimental RH0mix (0.57) that did not fit to either the Ross Equation prediction (χ=1.31)
or the modified Ross equation prediction (χ=1.06) of RH0mix. To correct for the halogen
interaction, a power of 2.7/4 in the modified Ross Equation was used to adjust χ =1 and
compensate for the additional competition between the anions. The adjusted exponent was
selected by using the best fit. In future predictions, using an adjustment of 0.7 instead of 1
to compensate halogen competition can be applied. Assuming no interactions between the
halogen ions is conservative, but predictions with the modified exponent were closer to the
experimental data than the original Ross Equation.
In the ternary blends, the RH0mix was underestimated by 14-19%RH using the
original Ross Equation, but the modified Ross Equation improved the predictions to within
5%RH of the measured RH0mix. In a ternary blend with a single shared common ion
between all three ingredients, the exponent is 4/6 from 4 different ions in solution and 3
ion pairs (6 ions) as a solid blend. The counter ions would still be calculated as contributing
a full ion, and the common ion would contribute 0.33m for each salt since it is being shared
by three ingredients. If using this ratio as the exponent, there is a dramatic improvement in
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predicting the critical RH for proper storage conditions of ternary blends with a common
ion but is still not fully corrected such as the KCl:Thiamine HCl blend (χ=1.03). The
remaining difference is most likely due to the least soluble ingredient not going into the
saturated solution because the other two more soluble ingredients dissociated first and
saturated the solution with the common ion. To compensate for the lower solubility of the
third ingredient, rather than using 1 for the counter ion, predictions are improved when 0.5
is used and the common ion is kept as 0.33. This would be 0.33*3 for the common ions,
1*2 for the two most soluble counter ions, and 0.5 for the third counter ion. The sum is 3.5
(ions present in a ternary blend with common ions) divided by the 6 (total number of ions
assumed by the Ross Equation). If two ingredients shared a common ion but the third did
not, the calculations would be 0.5*2 for the common ion and 1*2 for the counter ions and
2 for the ingredient with no common ion. This would be an exponent of 5/6. As seen in
Table 3.5, when using this adjustment, the ternary blends of both the 3 of 3 and 2 of 3
ingredients with a common ion correlated well with the measured RH0mix values. Sucrose
was used as the third ingredient and is not ionic but used as a third ingredient in a blend
while contributing no common ion. Its strength is the same as a monovalent salt (1m), so
for the calculations, it was calculated that sucrose contributed 2 non common ions.
3.5

Conclusion

The presence of a common ion in binary blends increased the RH0mix by ≥7%RH
more than what was predicted using the Ross Equation. Ternary blends had an even greater
diminished deliquescence lowering (higher than predicted RH0mix) as the solubility of the
least soluble compound (with the highest RH0) was dramatically decreased. The RH0mix of
a ternary blend with a common ion was similar to the RH0mix of a binary blend of the two
most soluble ingredients present. Blends of ingredients within the halogen family, which
have a pseudo common-ion effect, also had higher than predicted RH0mix values. When
predicting the RH0mix of a blend with a common ion, the Ross Equation was no longer
accurate. By modifying the Ross Equation and incorporating the ionic strength coefficient
ratio (or ratio of number of ions present in solution) as an exponent of the Ross Equation,
more accurate predictions of the RH0mix of binary and ternary blends with a common ion
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can be done. Because blends of ingredients that share an ion are less sensitive to moisture
than blends without a common ion, using the common-ion effect in formulations could
diminish deliquescence lowering and moisture sensitivity and improve the stability of
crystalline ingredient blend.
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CHAPTER 4. RH-TEMPERATURE PHASE DIAGRAMS OF HYDRATE FORMING
DELIQUESCENCT CRYSTALLINE INGREDIENTS

4.1

Abstract

Several common deliquescent crystalline food ingredients (e.g. glucose, citric acid,
thiamine HCl) are capable of forming hydrate structures. Hydrates are crystalline
compounds that have water molecules internalized into the crystal structure. The formation
of a hydrate is dependent on the temperature and relative humidity (RH) or water activity
(aw). Studies have documented that anhydrous and hydrate forms of a crystalline ingredient
have different deliquescence RHs (the RH at which the solid dissolves in the surrounding
moisture).

This study explored the relationship between hydrate formation and

deliquescence of an initially anhydrous ingredient to address the question of which
temperature and RH conditions promote the initial formation of a hydrate compared to
directly inducing deliquescence. RH-temperature phase diagrams of the food ingredients
alpha-D-glucose and anhydrous citric acid, along with sodium sulfate to compare to a
published phase diagram, were produced using static isopiestic methods in RH-controlled
desiccators (11-84% RH) placed at different storage temperatures (10-35°C), aw
measurements (11-50℃), dynamic dewpoint sorption profiles (15-55°C) generated by a
Vapor Sorption Analyzer (Decagon Devices), and dynamic vapor sorption profiles
generated by a SPSx-1μ (Projeckt Messtechnik). For each anhydrous ingredient, there was
a threshold temperature (the peritectic temperature) above which the hydrate form was no
longer stable. For alpha-D-glucose, this happened at 53.5℃, citric acid at 35.7℃, and
sodium sulfate at 33.1℃. Phase diagrams to predict this threshold temperature have been
published for non-food ingredients including sodium sulfate and magnesium sulfate, but
this is the first report of RH-temperature phase diagrams using models and measurement
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of these hydrate-forming deliquescent food ingredients. These phase diagrams are
beneficial for understanding the thermodynamically stable ingredient forms at different
environmental conditions and for selecting storage and processing conditions to promote
or avoid hydrate formation and/or deliquescence of anhydrous crystalline ingredients.

4.2
4.2.1

Introduction

Crystalline Hydrate Ingredients and Structures

Many food ingredients are crystalline solids, a few of which are capable of forming
crystalline hydrates at typical ambient conditions. A crystalline hydrate is a pseudopolymorph that forms when the crystal structure of a compound changes by incorporating
water. This is not to be confused with clathrate hydrates which is a two component system
where the water is literally trapped in a pocket (1) . By definition, a hydrate is technically
not a polymorph as it has a different molecular formula but since it is the same compound
by function, it is typically grouped as a polymorph (1). The hydrate forming compound
without water is called the anhydrous form and different stoichiometric ratios of compound
to water are possible such as monohydrates (1:1 water to compound), all the way through
decahydrates (10:1 water to compound).
In a hydrate structure, the water molecule is stabilized in the crystal via H-bonding,
creating different crystal bond characteristics within the crystal (2, 3). These crystalline
changes cause the hydrate to have different physical properties from the anhydrous form.
Physical properties such as melting temperature, solubility, and chemical stability will all
change upon a hydrate phase change. Typically, the anhydrous form is more soluble than
its hydrate form. This is because the hydrate is already intimately interacting with water
and upon dissolution the release of the Gibbs free energy is smaller (4). A undesirable
characteristic of unwanted hydrate formation or dehydration, is the uptake or release of
water while in dry storage. In dehydration events, the expelled water molecule would be
free to interact with other compounds present in the blend and promote undesirable watersolid interactions such as recrystallization of amorphous solids, increase degradation of
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labile ingredients, deliquescence, and/or powder clumping (5-7). When using hydrateforming food ingredients, it is important to avoid undesirable phase changes of hydrate
formers throughout their manufacturing and shelf-life by knowing the phase boundaries at
which conversion is thermodynamically possible.
The driving force for the phase change between the anhydrous and hydrate(s) is the
activity of water also known as RH or aw (8). This is because the hydrate phase
transformation is solution mediated. Because the crystal structure is different between the
hydrate and anhydrous form, it is theorized the anhydrous crystal has to dissolve in order
to break the bonds and reorient itself as the hydrate form (9). Another way to look at the
driving force is the difference in Gibbs free energy, and the direction is always a transition
to the lowest energy state. As temperature and aw change, the Gibbs free energy of the
hydrate and anhydrous forms shift, eventually intersecting and the drive will be to maintain
or convert to the lowest energy state (9). From a molecular perspective, there are two
primary reasons why hydrates form. One reason is that the anhydrous crystal has a poor
packing structure, and water being such a small molecule is able to act as a space filler. The
other reason is due to unsaturated H-bonding locations where water is able to interact at
these sites because of water’s ability to provide up to 4 hydrogen bonding sites (2 donor, 2
acceptor) (9, 10).
There are three main types of crystalline hydrates: isolated site, channel hydrates,
and ion-associated hydrates (8). These hydrates can be further classified as stoichiometric
or non-stoichiometric. Stoichiometric hydrates incorporate a fixed molar quantity of water,
while non-stoichiometric hydrates are channel hydrates that are able to incorporate
additional water molecules without converting to an additional polymorph (3). To
determine the type of crystal hydrate, analytical methods such as powder X-Ray diffraction
(PXRD), infrared spectroscopy, thermographs (DSC and TGA), solubility, and
hygroscopicity are often used (1). The isolated site hydrates incorporate water at
stoichiometric amounts and the water molecules are not in contact with one another and on
a DSC and TGA curve, there tends to be sharp dehydration points. Channel hydrates are
any hydrates where the water molecules are in contact and to better classify the channel
hydrates, there are two subcategories, expanded channel and planar (8). The expanded
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channel hydrates have 3-dimensional tunnels where water is incorporated into the
crystalline structure. Unlike the name implies, not all channel hydrates are tunnels but some
are zig-zags, which affects dehydration rates, as expected by the less direct route (11). What
is unique about some channel hydrates is that they are non-stoichiometric because the
channels are able to expand or contract up to 0.8 Å (1). The contraction depends on the
amount of water present in the channel and the equilibrated quantity of water is dependent
on the relative humidity (RH), where higher RH can pack in more water (1). For the sake
of simplicity, expanded channel hydrates are still given a stoichiometric quantity in their
nomenclature (e.g. Thiamine HCl monohydrate). The planar channel hydrates have a 2dimensional plane of water and behave as a stoichiometric hydrate. The TGA and DSC
curves of channel hydrates show gradual water loss at broader temperatures since some
water is able to escape as temperature rises or RH lowers. Not all of the water will leave at
once because of “inverse cooperativity” where the H-bonds between water increase in
strength as each molecule has a fewer H-bonds (e.g. going from 3-4 H-bond down to 2-3
H bonds) (1) . The third type of hydrate is an ion-associated hydrate where a metal ion is
interacting with the water in the hydrate crystalline structure (8). The interaction between
the water molecule and the metal ion is typically stronger than the H-bonding in other
hydrates and takes high levels of heat to dehydrate the hydrate (1). Many ion-associated
hydrates are capable of multiple hydrate levels where there are several stable stoichiometric
hydrates. An example of this is cobalt chloride which has a dihydrate and hexahydrate, as
shown in Figure 4.1.
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Figure 4.1. Moisture sorption isotherms of Cobalt Chloride at 15, 25, and 35℃. Two
hydration levels are observed with a trend of decreasing deliquesce RH and increasing
hydrate phase boundary RH with increasing temperatures.
The kinetics of dehydration and hydration is heavily dependent on a number of
factors, making it difficult to predict and measure. Crystal size, defects, amorphous regions,
and crystal morphology (channel path, open channels) all affect how fast the hydrate can
form or be dehydrated (1, 12, 13). Overall, the biggest factor of kinetics aside from
temperature and RH is the surface area of the crystal. Some compounds may have
amorphous regions (high surface area) that will absorb water and increase hydrate
conversion kinetics, while small crystals or rough surfaces will encourage capillary
condensation and increase surface area to volume ratio (1).
Upon dehydration of the hydrate, the crystal structure can go back to the original
anhydrous structure or hold the same crystalline structure of the hydrate but without the
water, leaving empty caverns. After dehydration, some channel hydrates are capable of
holding the metastable crystalline form which is now a polymorph of the anhydrous
compound (1). A problem with the dehydrated channel hydrate is that they have a tendency
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to become amorphous when the channels collapse without the structural support of the
water molecules (12). This is undesirable because the amorphous form is able to absorb
water at lower RHs than the deliquescence point (RH0), creating a more moisture sensitive
dry ingredient (5). For labile hydrate forming ingredients (e.g. thiamine HCl), the
amorphous form is less chemically stable and would degrade faster than the crystal form,
creating an additional benefit for understanding the RH-temperature phase boundaries.
As seen in the Clausius-Clapeyron equation, the RH0 is influenced by
temperature(14). The RH0 is dependent on temperature because temperature along with the
heat of solution influences solubility. For example, a compound with a positive heat of
solution will have an increased solubility and lower RH0 with increased temperatures (15)..
In general, the solubility of a compound will increases because many deliquescent
compound have a positive heat of solution (15). Exceptions are compounds with a negative
heat of solution, such as anhydrous sodium sulfate, for which increasing temperature
results in a decrease in solubility, therefore an increase in the RH0 (16). The effects of
temperature on the RH0 of a compound can be modeled using a known deliquescence point,
the heat of solution, and the polynomial regression constants from a temperature solubility
curve (15). Many hydrates are deliquescents (e.g., citric acid, sorbitol, glucose, and
lactose), and by measuring the changes of the physical properties between the phases,
critical temperatures and RHs for hydrate phase boundaries can be determined.
4.2.2

Relative Humidity-Temperature Phase Diagram

On an RH-Temperature phase diagram of a hydrate former, once the RH exceeds the
phase boundary between the hydrate and anhydrous, the anhydrous form is no longer the
most stable form and hydrate formation is favored. This boundary is very difficult to
measure as the kinetics of hydrate formation can be very slow and impractical to determine
(17). Even beyond this boundary the anhydrous form can become metastable and not
convert into the hydrate because an activation energy is necessary for the phase change (9).
Overall, the RH hydrate phase boundary decreases with lower temperatures as less energy
is in the system. At cooler temperatures, water is able to form H-bonds more easily with
the host crystal as there is less molecular movement. As temperature increases, the

115
vibrational energy increases and the RH boundary increases, to the point at which the
hydrate form is no longer stable in isobaric conditions. While the hydrate phase boundary
is increasing with the temperature, the RH boundary between the hydrate solid and the
saturated solution decreases (15). This boundary is the deliquescence point of the hydrate
which is a phase transformation from a solid to a solution at a critical RH also known as
the RH0. In Figure 4.1, the RH0 decreases with temperature and the hydrate boundary
increases. Eventually these lines intersect and in theory, a triple point exists at a specific
RH and temperature where the anhydrous, hydrate, and saturated solution are all
thermodynamically stable (Figure 4.2). This temperature is known as the peritectic point
or incongruent melting point at which above this temperature the hydrate is no longer a
thermodynamically stable form (18, 19). At temperatures above the peritectic point, the
hydrate is no longer stable which causes a shift in the deliquescence boundary since it is
now of the anhydrous form. This also effects the solubility curve, where below this critical
temperature the equilibrated solution is correlated with the hydrate solubility (less soluble
greater ΔHs) but above it is the anhydrous form (more soluble, lower ΔHs) (4, 19, 20).

Figure 4.2. RH Temperature phase diagram of Sodium Sulfate adapted from Linnow and
others (2006) with pictures of each phase under a polarized light microscope (17). The
peritectic temperature is the point the hydrate phase is no longer stable where all three
boundaries intersect (blue circle).
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Using the different solubilities of each form, the peritectic point can be
extrapolated using the solubility trendlines at different temperatures (19, 20). The solubility
of the anhydrous form can be measured below the peritectic temperature but upon
equilibration will convert to the hydrate and the solubility will decrease (4). Other methods
of determining this point have included PXRD, NMR, or IR spectroscopy by monitoring
the peak shifts with RH and temperature (2, 17, 19, 21). Using the kinetics of hydrate
formation at each RH, the boundary can be extrapolated as performed with caffeine (21).
The downfall for using the kinetics is the lack of uniformity of hydrate formation in most
hydrate formers. Another alternative that has not been explored is using the aw of the
saturated solutions at different temperatures.
4.2.3

Measuring the Phase Boundaries

According to Raoult’s law, the solubility of a compound directly affects the aw (22).
Using this simple principle, measuring the aw of equilibrated saturated solutions should
produce similar information as the solubility and Van’t Hoff equations. Similar to the
research using solubility data, there will be a shift in the aw temperature regression curve
due to the different ΔHs. Above this temperature, it is assumed the aw is now of an
anhydrous solution and the change of RH0 to temperature is different than compared to the
hydrate form. The decrease in RH0 in response to temperature is less dramatic with the
anhydrous due to the lower ΔHs. The regression curve of deliquescence for each form can
be modeled using Equation 4.1. The constants A, B, and C are solubility constants from the
mole/mole solubility polynomial regression line and %RH(T*) is a reference RH0 and
temperature.

[Equation 4.1] (15)
4.2.4

Objectives

Understanding the response of ingredients to environmental storage conditions is
important for controlling their physical and chemical stability and optimizing product
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quality and performance. Creating RH-temperature phase diagrams of hydrate forming
deliquescent crystalline ingredients could provide valuable information related to phase
transformation and stability characteristics. Therefore, the objectives of this study was to
better understand the mechanisms of hydrate formation and develop RH-temperature phase
diagrams of common food ingredients and determine the peritectic temperature by using
regression curves from measured data and modeled predictions (Equation 4.1).
4.3

Materials and Methods
4.3.1

Compounds

All samples were reagent grade and water was double distilled then filtered using
reverse osmosis. The hydrate forming deliquescent crystalline ingredients Cobalt Chloride,
α-D-Glucose, and Anhydrous Sodium Sulfate were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO), and Anhydrous Citric Acid was purchased from EMD
(Darmstadt, Germany). All anhydrous forms were dried at 60°C under vacuum (≈25mm
Hg) overnight and storied in sealed containers with Drierite or LiCl (11%RH). The hydrate
forms were produced by storing ingredients in sealed chambers containing saturated salt
slurries to maintain the desired RH as follows: citric acid was stored over a saturated NaCl
solution (75%RH), and α-D-Glucose and Sodium Sulfate were stored over a saturated KCl
solution (84%RH). All samples were stored at ambient temperatures (22°C) unless
otherwise specified. The following salts were used to control RH in desiccators: LiCl, KAcetate, MgCl2, KCO3, MgNO3, NaNO2, NaBr, KI, NaCl, and KCl. All salts were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) except for NaNO2 which
was purchased from Carolina Biological (Burlington, NC) and KCl was purchased from
Mallinckrodt Baker (Phillipsburg, NJ).
4.3.2

Desiccator Study-Static Isopiestic Method

Samples (200-400mg) were weighed into HDPE aw cups (Decagon Devices,
Pullman, WA) and placed into airtight locking containers with saturated salt solutions at
RHs below the sample’s RH0 at 10, 25, and 35℃. Samples were removed from desiccators
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to take weight measurements every other week for 2 months then once a month for an
additional 2 months, and these data were used to provide a RH range in which the hydrate
phase transformation occurs (documented by moisture uptake) at the given temperatures.
The saturated salt solutions used to control RH were LiCl, K-Acetate, MgCl2, KCO3,
MgNO3, NaBr, NaNO2, KI, NaCl, KCl which are 11.3, 23.5, 32.8, 43.2, 53.2, 58.1, 64.4,
68.9, 75.5, 84.3%RH at 25℃, respectively (23, 24). Hydrate phase boundary ranges were
determined by the lowest RH at which weight gain was observed and maintained.
4.3.3

AquaLab 4TE-Decagon Devices

The RH0s of samples were measured using the aw of saturated solutions. Samples
were prepared by mixing 2g of hydrate samples with 200µL of DDH2O, while 2g of
anhydrous samples (except sodium sulfate where 1g was used) were mixed with 600µL of
DDH2O to compensate for the amount of water necessary to form a hydrate. Samples were
stored at 10, 22, 25, 35, 45, and 50℃ for a minimum of 24hrs before aw measurement.
Initially, the aw at the incubation temperature was recorded, then the temperature was
adjusted in +1℃ increments. Each sample was measured in duplicates, with each replicate
measured twice at each temperature. Settings for each aw measurement were 5 readings
with <0.001aw change. Measurements above 50℃ and below 15℃ were achieved by
turning off the devices temperature control and measuring in the temperature conditions.
To avoid damage to the machine, measurements were not performed above 56℃.
4.3.4

SPSx-1μ Dynamic Vapor Sorption Analyzer- Projeckt Messtechnik

Samples were loaded into a HDPE cup that rested in an aluminum pan designed for
the SPS. HDPE cups were used to avoid pan corrosion, and the minor weight gain sorbed
by the HDPE cups was negligible (<0.1%RH at 95%RH). Samples (0.5-1g) were placed
in a single layer covering the bottom of the cups with minimal overlap to equally expose
all crystals to the experimental conditions. The maximum time settings were 3-12hrs per
step without an equilibrium criterion due to the slow kinetics of hydrate formation.
The weight gain kinetics were measured using the 1st derivative for each RH
(dmass/dtime), and the 1st derivative was calculated using Minitab 16 (Minitab Inc., State
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College, PN). The RH of the hydrate phase boundary was determined to be the last RH
before there was a steady increase in the slope of dmass/dtime or dmass/dRH in
consecutive RH steps. The RH of the phase boundary determined by this approach was
compared to the desiccator study to ensure it was within the same range.
4.3.5

AquaLab Vapor Sorption Analyzer (VSA)-Decagon Devices

The VSA is capable of running a dynamic dewpoint sorption profile (DDI) in which
a stream of water vapor is blown over the sample and the changes in aw and weight are
recorded. The vapor flow rate was set to 100mL/min with a resolution of 0.01a w and
samples were approximately 1g. The DDI was used to measure RH0 data points outside the
temperature range of the AquaLab 4TE (>50℃) and when using polymers to capture the
anhydrous RH0 by delaying hydrate formation (25). The DDI was also able to capture the
predicted RH0 of the anhydrous form before it began to covert to the hydrate below the
peritectic temperature. This device was also used to measure the aw above 50℃ and the
RH0 of the anhydrous form below the peritectic temperature.
4.3.6

Modeling

Mathematical modeling was performed using Matlab2014 (MathWorks, Natick
MA). The solubility of each ingredient (Figures 4.3-5) was found in previous studies and
used to calculate the polynomial constants (A, B, & C) used in Equation 4.1, derived from
the Clausius−Clapeyron equation (15, 20, 26, 27).
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Figure 4.3. Temperature Solubility curves of Na Sulfate anhydrous(27) and
decahydrate(27). The constants of the polynomial regression curves are used as the A
(intercept), B (slope), and C (exponential) constants in Equation 4.1.

Mole (Solute)/Moles (Water)

0.25
y = 0.000030x2 - 0.014499x + 1.807074
R² = 0.999766

0.2
0.15

y = -0.000006x2 + 0.006039x - 1.175414
R² = 0.993399

0.1
0.05
0
285

290

295

300

305

310

315

320

325

Temperature (K)
Citric Acid Monohydrate

Citric Acid Anhydrous

Figure 4.4. Temperature Solubility curves of Citric Acid anhydrous(28) and
monohydrate(26). The constants of the polynomial regression curves are used as the A
(intercept), B (slope), and C (exponential) constants in Equation 4.1.
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Figure 4.5. Temperature Solubility curves of Glucose anhydrous(20) and monohydrate(20).
The constants of the polynomial regression curves are used as the A (intercept), B (slope),
and C (exponential) constants in Equation 4.1.
4.3.7 Polarized Light Microscope
The effect of RH on citric acid, glucose, and Na sulfate were observed over time
using an Omano polarizing light microscope. Both the hydrate and anhydrous crystals were
placed in proximity of one another without crystal-crystal contact. The RH was controlled
by a GenRH-A microscope stage (Surface Measurement Systems Ltd., London, UK) and
photos were taken every minute using an OptixCam Summit Series. Citric acid was
exposed to 77%RH while glucose and Na sulfate were exposed to approximately 100%RH
by placing water drops around the perimeter of the stage without coming in contact with
the crystals, due to the instability of RH control at higher RHs (>90%RH). To maintain
100%RH, the GenRH-A microscope stage was sealed with Parafilm and the temperature
was between 22-25°C.

122
4.4
4.4.1
4.4.1.1

Results and Discussion

Determining the Hydrate Phase Boundary of Anhydrous Ingredients

Desiccator Study
The highest RH without weight change in anhydrous Glucose stored at 10, 25, and

35°C, was 62, 69, and 67%RH, respectively and for anhydrous citric acid it was 62, 60,
67%RH, respectively. With the inorganic compounds, the highest RH without weight
change for Na Sulfate stored at 10, 25, and 35°C, was 67, 81, 83 %RH, and cobalt chloride
had a weight change at the lowest RH (11%RH) for all three temperatures. The hydrate
formation boundary range was determined to be between the lowest RH where weight
change was noticed to the next highest RH. Figure 4.6 is an example of weight change at
different RH after 3 months with Glucose at 10, 25, and 35°C. Table 4.1 is a summary of
the hydrate phase boundary ranges determined using the desiccator data.
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Figure 4.6. Weight change of anhydrous Glucose at 10, 25, and 35℃ at each RH after 3
months.
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Table 4.1. Hydrate phase boundary ranges of compounds at 10, 25, and 35°C
Compound
CoCl2 (Dihydrate)
CoCl2 (Hexahydrate)
Na Sulfate
Glucose
Citric Acid

10℃
<11%RH
11-23%RH
67-72%RH
67-72%RH
62-72%RH

25℃
<11%RH
23-33%RH
81-84%RH
69-75%RH
60-68%RH

35℃
<11%RH
32-43%RH
>83%RH
67-75%RH
>67%RH

Overall, the hydrate phase boundary is difficult to precisely measure due to
extremely slow kinetics near the phase boundary, as seen in previous studies (17, 19). With
the desiccator data it is also impossible to identify the exact RH at which hydrate formation
occurs. Another factor that made determining the hydrate phase boundary difficult, was the
replicates within each sample did not have a uniform sorption kinetics above the boundary.
During the initial stages of the glucose anhydrous to monohydrate phase change, large
deviations were present between replicates as seen by the large error bars in Figure 4.7. As
equilibration time increased and samples approached 100% hydrate conversion, the
deviation decreased to almost nothing. In anhydrous glucose at 10°C the deviation is
greatest at 72 and 76%RH in the first weeks but diminishes after a couple months while
the 67%RH has an increasing standard deviation as conversion slowly progresses. After
the first 7 days, one replicate in the glucose 10°C samples (Figure 4.7) at 76%RH, gained
6.5% weight change, which is around a 65% conversion to glucose monohydrate, but
another replicate only had 0.4% weight change which is around a 4% conversion. After 3
months of equilibration, both were fully converted to the monohydrates as indicated by a
10%weight gain. This was also seen in Na Sulfate at 10℃ (Figure 4.8) where in the first 2
weeks, samples would deviate as much as 20% weight gain but after 3 months they would
have the same final weight change. Such large deviations were not seen with citric acid.
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Figure 4.7. Weight change of anhydrous Glucose at 10℃ over a period of 3 months.
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Figure 4.8.Weight change of anhydrous Na Sulfate at 10℃ over a period of 3 months.
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Deviations between samples decreased as temperature increased but were still
present as hydrate formation progressed. An exception was Cobalt Chloride which is a
metal-ion associated hydrate that was fully equilibrated at each RH and temperature after
7 days. The large deviation of observed kinetics during the anhydrous-hydrate transition is
typical for many hydrates because kinetics depend on many variables such as crystal
morphology, crystal size, defects, and the amount of amorphous regions(1). There is also
a noticeable difference between a single layer of crystals compared to a bed of sample
wherein both surface and diffusion characteristics are influential. The surface exposed to
the RH conditions forms a hydrate and hardens the surface into a solid piece, not allowing
moisture to easily migrate to crystals in the middle and bottom of the bed. Due to the large
kinetic deviations in the experimental data, the kinetics of hydrate formation was not used
to extrapolate the hydrate phase boundary as seen with previous studies (21). However, the
desiccator study was useful in narrowing the RH range for identifying the hydrate forming
boundary. To further pinpoint the RH boundary, SPS generated isotherms will provide
weight changes at each RH and provide a value for at which hydrate formation began.

4.4.1.2 Dynamic Vapor Sorption Profiles
At first glance, the phase boundaries of DVS profiles appear to be much higher than
the results from the desiccator studies for anhydrous glucose, Na sulfate, and citric acid.
The exception is cobalt chloride which has rapid hydrate formation kinetics and the DVS
results correlate with the desiccator study. An example of the difference is between Figures
4.9 and 4.6. In Figure 4.9, the hydrate boundary of Glucose at 25°C appears to be at 82%RH
but the results from longer equilibration times show the boundary to be in between 75 and
69%RH (Figure 4.6).
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Figure 4.9. Comparing moisture sorption profile of glucose anhydrous, monohydrate and
the aw of the saturated solution at 25°C
Unfortunately, the hydrate phase boundary can not be pinpointed using desiccator
data that has longer equilibration periods (Table 4.1) due to the large RH steps limited by
saturated salt solutions and variable kinetics. In order to determine the boundary using a
DVS profile, the sorption kinetics (dmass/dtime and dmass/dRH) can better identify the
phase boundary RH at a given temperature. Since the kinetics is extremely slow,
interpreting the boundary using only the percent weight change is difficult. To compensate
for the minute changes, using the 1st derivative of weight change in respect to time or RH
can help pinpoint the critical RH at which a shift in moisture sorption occurs. The slopes
are general very low (0.001-0.1%weight change per hour) and could easily be overlooked
without comparing the kinetics at each RH. Before the phase boundary, no weight gain
trend is observed and the slopes against time and RH are close to 0, deviating between
positive and negative values. When a trend of gradual weight gain is noticed, the last RH
before this trend is labeled as the RH phase boundary. For example, the DVS profile of
Glucose at 25°C (Figure 4.10) has fluctuating weight changes below the RH of the hydrate
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phase boundary (70-71%RH), then a gradual increase of the 1st derivative takes place,
suggesting hydrate formation. The phase boundary at 70-71%RH fits within the RH
boundary determined by the desiccator study (Table 4.1). Above this RH, there is a steady
increase of weight gain shown by the steady positive slope of weight gain until 74%RH.
Then moisture uptake proceeds in an exponential fashion until 77%RH, followed by a rapid
loss in weight. The exponential change of weight gain is most likely due to absorption of
water into amorphous regions, then recrystallizes as seen by the loss of weight (negative
values of the 1st derivative) at 78-79%RH (29). This can be supported using the weight
change in respect to time (Figure 4.11), at the 71%RH step (30-31Hrs) a gradual increase
of the weight change is noticed at the initial stages of hydrate formation. At hours 38-53,
recrystallization begins and weight loss is observed. However, since recrystallization
occurred without incorporating 100% of the water sorbed, it is possible glucose was
recrystallizing as the anhydrous form and expelled the water. This could be due to being
near the phase boundary and the driving force is small or the neighboring crystals acted as
the seed to reform as the anhydrous structure. The amorphous regions of hydrate formers
can occur upon the dehydration of channel hydrates where the hydrate structure does not
convert to anhydrous crystal structure but maintains the same crystal form but without the
structural support of the water. This structural instability can cause the crystal to collapse
and form amorphous regions.
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Figure 4.10. 1st derivatives (dmass/dRH) of Glucose anhydrous moisture sorption
isotherms at 25°C. Above the hydrate phase boundary (black circle), constant weight gain
is observed by positive values of the 1st derivative.

0.40

83
81

0.35

79
77
0.25

75

0.20

73
71

0.15

69

Relative Humidity

% Weight Change

0.30

0.10
67
0.05

65

0.00

63
25

30

35

40

45

50

55

Time (Hrs)
Glucose 25C

RH

Figure 4.11. Weight change kinetics of anhydrous glucose at 25°C near the hydrate
formation boundary. Recrystallization of the amorphous regions (37-50hrs) expelled
absorbed water, seen by the weight loss.
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Citric acid at 25°C appears to have a steady increase of weight change around
55%RH but according to the results of the desiccator study, citric acid does not convert to
the hydrate form below 60%RH. This weight gain could be due to amorphous regions
absorbing water , similar to glucose, because at 65%RH, all three replicates had a drop in
the sorption kinetics (Figure 4.12). This drop is most likely due to the recrystallization of
the amorphous regions expelling water. After 65%RH, steady increase of weight change
occurred and 65%RH was labeled as the hydrate phase boundary for citric acid at 25°C.
Anhydrous sodium sulfate at 82-83%RH was the last RH before weight gain was observed,
and labeled as the RH of the hydrate phase boundary. Additional DVS moisture sorption
profiles for these compound at 15, 35, and 45°C were generated using the SPS and the
determination of the RH of the hydrate phase boundary can be found in the appendix.
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Figure 4.12. 1st derivatives (dmass/dRH) of citric acid anhydrous moisture sorption
isotherms at 25°C. Above the hydrate phase boundary (black circle), constant weight gain
is observed by positive values of the 1st derivative.
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Figure 4.13. 1st derivatives (dmass/dRH) of sodium sulfate anhydrous moisture sorption
isotherms at 25°C. Above the hydrate phase boundary (black circle), constant weight gain
is observed by positive values of the 1st derivative.

As expected, at the colder temperatures (15-25°C) hydrate formation was much
slower than compared to the warmer temperatures (35-45°C) and the recorded values at
the colder temperatures could be an overestimation of the true boundary. More accurate
boundaries can be obtained if samples were measured using longer equilibration periods.
In another study with a 1 year equilibration period, the phase boundary of glucose at 25°C
was suggested to be near 64%RH (30) which is lower than the hydrate boundary RH range
found in this study using a 3 month equilibration period. In the same study, at 68%RH,
hydrate formation took place extremely slow were even after 1 year it still had not reached
a full 1:1 stoichiometric ratio. The 68%RH is close to the value determined by the DVS
method (71%RH) in this study. Lafontaine and others (2013) determined the citric acid
phase boundary at 25°C to be around 73%RH using DVS profiles and PXRD analysis (19).
The equilibration time with the DVS method (1000min Max Time and 0.0005%EC/10min)
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would have been sufficient, but the determination of the boundary was using the obvious
rapid weight gain seen by the percent weight change and not using the 1st derivative to
observe minute changes of the kinetics. In the same study, contradicting results were found,
where 33 and 30°C had lower hydrate RH phase boundaries than anhydrous citric acid at
25°C. This contradicting data is most likely due to the faster kinetics with the warmer
temperatures. For Na Sulfate, the phase boundary determined by Linnow and others (2006)
at 25°C is approximately the same (around 80%RH) as determined in this study.
4.4.2

Deliquescence

The deliquescence boundaries were measured by the aw of the saturated solution at
different temperatures. Figure 4.14 is the aw at different temperatures of citric acid
monohydrate and anhydrous forms and the intersection is the peritectic temperature
(37.5°C). The monohydrate above this temperature was a metastable solution and the aw
values appear to fit on the same regression curve produced using values below the peritectic
temperature. However, if the metastable data points are included in the plotting of the
regression curve, the curve shifts towards the anhydrous aw trend line. This also occurred
when the metastable aws of the anhydrous form were included in plotting the trend line.
Suggesting the metastable aws were in the process of converting to the stable form and
increasing the aw of the anhydrous solution below the peritectic temperature and increasing
the aw of the hydrate solution above the peritectic temperature. The aw of sodium sulfate
did not stay in the metastable conditions for extended periods as the conversion would
occur within the 24hr equilibration period. Glucose maintained metastable solutions of the
hydrate above the peritectic point. Even above the peritectic point, the anhydrous form
would convert to the monohydrate upon dissolution. This is most likely due to glucose
undergoing mutarotation and the solid state and liquid state are different ratios of
anomers(31). The RH0 of the anhydrous form was determined using the DDI profile and
the aw at which weight gain was first observed (anhydrous RH0). To support the validity of
using the DDI, the trendline of the anhydrous glucose RH0 in respect to temperature
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intersected at a similar peritectic point measured by previous studies (20). Table 4.2 is a
summary of the calculated, modeled, and past studies’ determined peritectic temperatures.
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Figure 4.14. Saturated solution aws of citric acid anhydrous (red) and citric acid
monohydrate (blue). The calculated polynomial trendline used thermodynamically stable
aw measurements (●) while the metastable systems (X) were plotted but not included in the
trendline calculations.
Table 4.2. Peritectic temperatures of glucose, citric acid, and sodium sulfate determined by
measured values and the intersection of the polynomial trendline, intersection of the
modeled (Equation 4.1) trendline, and previous report.
Peritectic Point ℃
Compound
Modeled
Data Trendline
Previous Research
Citric Acid
37.5
35.7
36(19)
Na Sulfate
34.2
33.07
32.4(16)
α-D-Glucose
57.5
53.5
54.7(20), 50(32)

The RH0 of a deliquescent is dependent on temperature as seen by Equation 4.1 and
for most deliquescents, it is expected the RH0 will decrease with increased
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temperatures(15). The RH0 is dependent on the solubility, explained by Raoult’s Law, and
solubility will increase with temperature if the heat of solution (ΔHs) is positive (22) and
thus will decrease the RH0 with temperature(15). Once a shift in the solubility curve is
observed, this is due to the conversion of the crystalline form. Since the monohydrate is
already intimately interacting with water, the ΔHs will be different from the anhydrous
form and have a different response to changes in temperature. For example, glucose
monohydrate has a ΔHs=20.84-20.94kJ/mol while the anhydrous form has a ΔHs=8.911kJ/mol. As expected, the monohydrate’s RH0 decreases with temperature greater than
does the anhydrous form.
Deliquescence is a phase transformation from the solid phase to a solution phase
and hydrate formation is a solution mediated phase transition (5, 9). In hydrate formers,
deliquescence of the anhydrous phase below the peritectic temperature is a metastable
solution but it is a critical RH for hydrate formation. In anhydrous glucose at 25°C (Figure
4.15 and 4.9), there are two major RHs where weight change is noticed ( 84 and 90%RH).
The first weight gain is around the predicted RH0 of the anhydrous form, but the kinetics
slows and weight change levels off until the RH0 of the monohydrate form. The theory of
the first weight gain is the anhydrous form undergoing deliquescence and the saturated
solution begins to recrystallize as the stable hydrate form, decreasing the amount of the
anhydrous form and slowing the kinetics. For hydrate formers the anhydrous RH0 is an
important boundary even below the peritectic temperature because above this point,
hydrate formation rapidly occurs.
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Figure 4.15. Moisture sorption against time where increases of the slope are noticed at the
deliquescence points of both anhydrous and hydrate form.
The predicted RH0 of anhydrous Glucose is around 84%RH, a similar RH (Figure
4.15) where large changes of moisture uptake occur. The sorption kinetics at 82-86%RH
appears as deliquescence (1st order) rather than only hydrate formation (0 order) (5, 33).
As the water is being condensed on the surface of anhydrous glucose, glucose solutes are
able to undergo mutarotation which happens to be the limiting rate of glucose monohydrate
formation (31). As hydrate formation progresses, the kinetics of moisture sorption begin to
level off and no longer behave as a 1st order phase transformation and there is a drop in
the 1st derivative (Figure 4.16) as seen by the plateau at 88%RH (Figure 4.15 and 4.9). The
kinetics then pick up again at 89%RH due to the monohydrate deliquescence and another
1st order phase transformation is observed (Figures 4.15 and 4.9).
The aftermath of deliquescence can be observed by the percent weight change. If
only hydrate formation took place, the plateau would be around 10% weight change but
instead it plateaus at 15%RH. This extra 5% weight change is due the kinetics of
deliquescence with the anhydrous form exceeding the kinetics of hydrate formation. The
colder temperatures 15 and 25℃ had a more noticeable plateau where the sorption slowed
before the RH0 of the hydrate. A theory is the ratio of the hydrate formation kinetics to the
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kinetics of deliquescence is greater in cooler temperatures compared to warmer
temperatures where the hydrate boundary is closer to the RH0 of the anhydrous form. For
glucose at 25℃, the hydrate phase boundary to the RH0 of the anhydrous form is around
Δ15%RH but at 45°C it is only Δ5%RH, thus a larger driving force is present for the
hydrate to form at the cooler temperatures below the RH0 of the monohydrate. At 35 and
45℃ (Figure 4.17), deliquescence of both anhydrous and monohydrate was also observed
by a shifting in the kinetics (Figure 4.16) but difficult to notice in the overall moisture
sorption isotherm. This could cause an assumption that hydrate formation did not take place
and the peritectic temperature was surpassed. The sorption kinetics (Figure 4.16) had a
spike at the RH0 of the anhydrous form but drops as the anhydrous form is converting to
the monohydrate but then accelerates again after the RH0 of the hydrate. A similar shifting
in the moisture uptake kinetics at the RH0 of the anhydrous and hydrate forms was also
seen with citric acid and sodium sulfate.
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Figure 4.16. Moisture sorption Kinetics of Glucose at 25, 35, and 45C where initial increase
of weight gain is due the deliquescence of the anhydrous, decrease in kinetics due to
hydrate formation below its RH0 and another spike due to deliquescence of the hydrate.
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Figure 4.17. Moisture Sorption Isotherm of glucose anhydrous at 45C.

To support the theory that the anhydrous form can deliquesce before hydrate
formation and is an important RH for hydrate formation, the sorption kinetics of glucose
anhydrous and monohydrate were compared when held at 95%RH in 25°C (Figure 4.18).
Initially, the glucose anhydrous had a much higher rate of moisture sorption than the
monohydrate. This is because there is a greater ΔRH between the RH0 of the anhydrous
form and the environmental RH than compared to the RH0 of the monohydrate. As glucose
anhydrous undergoes deliquescence, the conversion to the hydrate form begins, slowing
sorption kinetics until it levels off after 3 hours and continues the 1st order phase
transformation, similar to the kinetics of the monohydrate. Even above the RH0 of the
hydrate, glucose anhydrous deliquesces before converting to the hydrate supporting that
hydrate formation is a solution mediated transformation.
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Figure 4.18. Moisture sorption kinetics and the 1st derivative of glucose anhydrous and
monohydrate at 95%RH and 25C.
4.4.3

Photos of Deliquescence and Hydrate Formation

In Figures 4.19-20 (minutes 0-44), the anhydrous glucose at 95-100%RH in 25°C
visually appears to convert to a monohydrate before deliquescence. The anhydrous crystals
have a noticeable front that moves across the crystal as time progresses, and the
birefringence of the crystal changes. The surface appears to have long narrow crystal
patterns on the surface, similar to the needle crystal morphology of glucose
monohydrate(34). However, the sorption profiles of anhydrous glucose at 25°C (Figure
4.16 & 18) show that deliquescence of the anhydrous form occurs before hydrate
formation. To explain the lack of condensed water, the hydrate formation kinetics must be
fast enough to incorporate most of the deliquesced water without visually condensing on
the surface for the first 44 minutes. After 145 minutes (≈2.5hrs), the formerly anhydrous
crystals appear dark, similar to the hydrate form and visual water condensation is seen by
the rounding of the edges. In Figure 4.18, the kinetics begin to level off after 2.5 hours as
the anhydrous form is nearly fully converted to the monohydrate similar to visual
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observation of the crystals in the same time scale (Figure 4.19). This extra water around
the formerly anhydrous crystals is due to deliquescence kinetics exceeding hydrate
formation while little water has condensed around the monohydrate crystals, supporting
the theory the anhydrous form can deliquesce before hydrate formation.

Figure 4.19. Glucose monohydrate (3 dark crystal on top of the picture) and glucose
anhydrous (2 clear crystals on the bottom with the red circle) exposed to 95-100%RH

Figure 4.20. A zoomed-in picture of glucose anhydrous converting to the monohydrate.

When citric acid was held at 77%RH which is below the RH0 of the monohydrate
but above the anhydrous form, the hydrate formation occurs without noticeable
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deliquescence. The phase change is apparent as the birefringence properties change in the
anhydrous crystals. At 77%RH, the anhydrous form will begin to deliquesce but slow
enough that the water is incorporated into the crystal structure via hydrate formation as
seen by the lack of condensed water.

Figure 4.21. Citric Acid monohydrate (bottom 3 crystals) and anhydrous (top 2 crystals
with the red circle) at 77%RH and 25°C
The anhydrous Na sulfate crystals at 95-100%RH (Figure 4.22) deliquesced much
quicker than the hydrate form since a larger ΔRH from the RH0 is present. The
conversion from the anhydrous to the hydrate is not as visually apparent as the citric acid
and glucose but can be seen in the DVS sorption profiles as there is a similar
phenomenon where the anhydrous crystal begins to deliquesce and hydrate formation
begins to take place and kinetics slows down, then picks up again at the RH0 of the
hydrate form. The decahydrate crystals initially appear dark but this is due to the rapid
dehydration that occurs upon the RH microscope stage setup. Immediately observing
crystals from 85%RH, they have a similar appearance to the hydrate crystals after 120
minutes in Figure 4.22.
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Figure 4.22. Na Sulfate decahydrate (bottom dark crystals) and anhydrous (top two
crystals with the red circle) at 95-100%RH at 25°C. The hydrate appears dark because
rapid dehydration is noticed when exposed to ambient RH and the surface begins to
dehydrate.
4.4.4

Phase Diagrams

When hydrate and deliquescence phase boundaries were plotted, the hydrate
forming ingredients used in this study all had 3 boundaries on the RH temperature phase
diagrams (Figures 4.23-25). With an increase in temperature approaching the peritectic
point, the RH at which a hydrate forms increased while the RH0 decreased, creating a
narrower RH range in which the hydrate can be stable. When temperatures were below the
peritectic temperature, a hydrate formation boundary was present where if the RH was
above this boundary (but below the RH0), the hydrate was thermodynamically stable and
if the RH was below the hydrate boundary, the anhydrous form was more stable. Above the
peritectic temperature, the hydrate form is no longer stable and only the hydrate should
exist but with organic ingredients, metastable solutions of the hydrate are common above
the peritectic point. The metastable forms are present because the driving force to convert
to the lowest energy state is not strong enough. A conversion will occur if given enough
time or a larger ΔRH between the phase boundary and environmental RH (9).
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Citric acid’s peritectic point was measured at 35.7℃ and calculated at 37.5℃ using
the model (Equation 4.1), which are comparable to previous results at 36℃ produced by
Van’t Hoff calculations (solubility vs. temperature) and 37℃ for crystal changes noticed
using the PXRD (19). When measuring the aw of anhydrous citric acid solutions, the aw was
maintained on the same regression line above and even below the peritectic point because
citric acid was able to maintain metastable conditions of both the anhydrous and
monohydrate. The calculated regression line and modeled line was produced using only
the data above the peritectic point as this is the stable state of the anhydrous form. The data
points below the peritectic point fit well on both the modeled and calculated line which
suggests they are still in the anhydrous form but when below the peritectic temperature,
the hydrate form has the lowest Gibbs free energy in solution. Since there is a driving force
to convert to the hydrate form, the measured aw could be a blend of both forms. A similar
situation was seen with the monohydrate above the peritectic temperature. Up to 40°C the
monohydrate form is maintained and fits well on the regression line produced using data
below the critical temperature. Again this is a metastable state where if given enough time,
conversion to the stable state (anhydrous) will occur. The Arrhenius plot of the conversion
is unknown in this study, but at 45°C, the full conversion from the hydrate to anhydrous
occurs before measuring the aw after 24hrs (Figure 4.23). When the temperature was 8°C
above the peritectic temperature, the driving force and molecular mobility was great
enough for a rapid conversion. The conversion for the anhydrous does not convert as
quickly when the temperatures are 10-25°C below the peritectic temperature because of
the energy within the system. At hotter temperatures, the metastable state is more sensitive
to conversion due to the much higher molecular activity than compared to at 11°C. Some
conversion may have occurred at 11°C as it is greater than predicted using both regression
lines (Figure 4.23). The hydrate phase boundary also had a regression line that extrapolated
near the peritectic temperature. In theory, the hydrate boundary line would intersect at the
same point as the peritectic temperature and deliquescence points, which acts as a triple
point where the anhydrous, hydrate, and solution can all be thermodynamically stable (18).
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Figure 4.23. RH-Temperature phase diagrams of Citric Acid. Solid black lines are the
modeled RH0 deliquescence boundary (Equation 4.1) and the dashed black line is the
continued boundary under metastable conditions. Diamonds are measured RH0 values in
the thermodynamically stable form and X marks are the values measure in a metastable
condition. The dotted line is the calculated polynomial regression curve of the measured
data’s boundary. The red points are the anhydrous form while the blue points are the
hydrate form. The black triangles are measured hydrate phase boundary RHs with a
regression line fixed at the peritectic temperature.

In Na sulfate solutions above the peritectic point, where the energy in the system
was too great for the hydrate to be stable, a new deliquescence boundary began. This can
be seen in Figure 4.24, where the anhydrous form has a negative heat of solution and with
greater temperatures, solubility decreases shown by the positive slope of the anhydrous
RH0 boundary. The intercept of the polynomial trend lines using measured values was
33.1℃ and the modeled peritectic point using Equation 4.1 was 34.2℃, both are similar to
a previous report stating the peritectic temperature for Na sulfate is 32.4 ℃ (16). Unlike
citric acid and glucose, Na Sulfate did not have metastable states above or below the
peritectic temperature. As soon as the temperature was above or below the critical
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temperature, the aw values shifted to the appropriate regression line as seen by the small Xs
in Figure 4.25 as they all overlap the measured aw values of the stable form. The anhydrous
Na sulfate RH0 at 25°C was measured below the peritectic temperature by using HPMC, a
polymer that has been shown to delay hydrate formation in pharmaceuticals (25). It was
measured using a DDI profile of a 1:1 weight blend, where the polymer absorbed water
below the deliquescence point as expected with amorphous solids but then there was an
increase in weight without an increase of aw. This increase of weight without the increase
in aw is deliquescence of the anhydrous sodium sulfate without forming a hydrate because
the polymer is able to inhibit nucleation and growth of the Na Sulfate hydrate form from
the anhydrous solution (25, 35). The anhydrous RH0 at 25℃ fit well on the same regression
line using data points above the peritectic point. The deliquescence boundary of the hydrate
was problematic to model as the shift in the RH0 is less dramatic at lower temperatures but
at the warmer temperatures (25-30°C), the RH0 drops quickly. For a better model curve,
the 11°C data was not included in the calculations and all calculations were done using the
stable forms. The hydrate phase boundary of Na sulfate also approached the intersection
of the peritectic temperature.
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Figure 4.24. RH-Temperature phase diagrams of Na Sulfate. Solid black lines are the
modeled RH0 deliquescence boundary (Equation 4.1) and the dashed black line is the
continued boundary under metastable conditions. Diamonds are measured RH0 values in
the thermodynamically stable form and X marks are the values measured in a metastable
condition. The dotted line is the calculated polynomial regression curve of the measured
data’s boundary (light blue diamond not included in calculations). The red points are the
anhydrous form while the blue points are the hydrate form. The black triangles are
measured hydrate phase boundary RHs with a regression line fixed at the peritectic
temperature.
The peritectic point of glucose (Figure 4.24) was calculated at 53.5℃ using
measured values and 57.5°C using a modeled curve (Equation 4.1), both are similar to other
published temperatures at 54.7℃ and 50°C (20, 32, 36). Unlike citric acid and Na sulfate,
the deliquescence point of the anhydrous glucose was difficult to measure as it would
quickly convert to a metastable hydrate solution and maintain the metastable hydrate form.
The instability of glucose anhydrous in solution even above the peritectic point could be
due it undergoing mutarotation upon dissolution and because mutarotation is the limiting
factor of monohydrate conversion, this may encourage monohydrate formation even above
the peritectic temperature (31). The other compounds in this study do not change while
going into solution and the deliquescence RH of the solid state is the same as the aw of the
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saturated solution. Because α-D-Glucose is converting to β-D-Glucose and small portions
of open ring and furanose structures form upon dissolution, the solid state is different than
the solution state. This difference is a possible explanation for why it is difficult to measure
the aw of a saturated anhydrous glucose solution. Due to the lack of an equilibrated a w
measurements of the anhydrous form, the RH0 in Figure 4.25, was measured using DDI
sorption profiles and moisture sorption isotherms in order to extrapolate the peritectic
temperature. The initial weight gain observed in a DDI profile is assumed to be the RH0 of
the anhydrous form which the water is then incorporated as a hydrate post deliquescence
since it is a solution mediate phase transformation. Similar to the other phase diagrams, the
RH0 of the hydrate, anhydrous, and the hydrate phase boundary all intersected at the
peritectic temperature.
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Figure 4.25.Temperature phase diagrams of α-D-Glucose. Solid black lines are the
modeled RH0 deliquescence boundary (Equation 4.1) and the dashed black line is the
continued boundary under metastable conditions. Diamonds are measured RH0 values in
the thermodynamically stable form and X marks are the values measure in a metastable
condition. The dotted line is the calculated polynomial regression curve of the measured
data’s boundary. The red points are the anhydrous form while the blue points are the
hydrate form. The black triangles are measured hydrate phase boundary RHs with a
regression line fixed at the peritectic temperature.
4.5

Conclusions

With increasing temperatures, the RH0 boundary of the hydrate decreases and the
boundary of hydrate formation increase. Eventually they intersect at the peritectic
temperature and above this temperature the deliquescence boundary is now of the
anhydrous form. Metastable forms can exist beyond the peritectic temperature but with
longer equilibration periods or temperatures further from the peritectic temperature, phase
conversion will eventually occur. If the anhydrous form is within the RH temperature
region of the hydrate being the stable form, hydrate formation will occur. However another
important boundary to consider is the deliquescence boundary of the anhydrous form below
the peritectic temperature. Above the anhydrous RH0 boundary, hydrate formation occurs
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much more rapidly as deliquescence of the anhydrous form accelerates the solution
mediated transformation to the hydrate. Overall, a RH temperature phase diagram of a
hydrate forming compound is beneficial for maintaining the desirable forms and avoiding
undesirable phase changes.
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS

5.1

Summary

Several methods can be used to measure the deliquescence points of single
ingredients and blends. When measuring the RH0 of single ingredients, the simplest method,
and most practical, is to measure the aw of a saturated solution of the ingredient. Most food
research facilities have a aw measurement device (for research, HACCP, or GMP protocols).
If the RH0 of a particular ingredient is unknown and not published, the RH0 can be
determined experimentally if a saturated solution is made, equilibrated at the desired
temperature for 24 hours, and then the aw is measured.

Using the water activity

measurement approach, the recommended method is to use 1-2g of solid (or greater if not
filling the cup over half full), and a 50-125μL/g water solid ratio (to ensure saturation and
enough water present to equilibrate in the headspace of the water activity instrument
without diluting the solid). After the water is added to the solid in the water activity cup
and the system is blended, the cup should be sealed and incubated for 24 hours at the
temperature at which the water activity measurement will later be performed. When
preparing blends of ingredients to use the water activity measurement approach for
determining the RH0mix, using ingredient ratios at the eutonic composition (regardless of
the ratio of the ingredients present in the blend) is recommended. The eutonic composition
can be approximated by the ratios of the individual solubilities of all the ingredients in the
blend. The same water solid ratio is recommended as was used when preparing the
individual ingredients (50-125μL/g); however, the equilibration time should be extended
to 48hrs prior to measurement. If measuring the RH0mix of a blend with three or more
ingredients, the aw method will provide the lowest aw (RH) that deliquescence can occur
because the addition of water will promote intimate mixing of the ingredients. Due to the
limitation of contact points between solids in a powder blend, a sorption profile often
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appears to have a higher RH0mix than that measured by the aw method. Using aw
measurements to determine the RH0mix of blends provides useful information because upon
RH cycling, solid/liquid bridges form between the crystals, which would promote more
ternary contact points and drop the observed RH0mix measured by moisture sorption profiles,
closer to what is measured by the aw method. A sorption profile of intimately contacting
blends will deliquesce around the aw of the saturated solution. The aw results across
temperatures could serve as a RH-temperature boundary of a blend of crystalline
ingredients that should be avoided during dry storage.
Using a DDI profile will produce similar results to those obtained by the aw method
but will also show how the aw shifts upon deliquescence. An example of interesting aw
behaviors in DDI profiles are sugars that undergo mutarotation (e.g. fructose, glucose, but
not sucrose) upon dissolution. The solutions will exhibit a drop in aw as the sugars undergo
shifting from the α and β forms and of the pyranose and furanose structures upon
dissolution. The DDI profile is also able to show the drop in aw upon the addition of a third
ingredient in a ternary blend. When using a DDI technique to determine deliquescence
points, it is recommended to use a flow rate between 50-150mL/min. The DDI profile
serves as an excellent alternative approach for viewing the RH0 or RH0mix, however, it
should be used in tandem with a DVS method for sugars and blends with 3+ ingredients to
have a full understanding of the water-solid interactions.
The DVS method is an acceptable method for measuring the deliquescence point,
but devices capable of this method may not be practical for uses other than advanced
research due to cost and operation constraints. If using the DVS method to measure the
deliquescence point, it is recommended to use a 1%RH step, 0.01%EC, and either a 1.5hr
or 3hr Max Time. The DVS method is the most appropriate method for measuring the RH0
of a sugar than undergoes mutarotation, as the solid state behaviors are of interest for
measuring deliquescence RHs.
Unlike binary ingredient blends that do not share a common ion, in which Ross
Equation predictions of RH0mix are often close to experimental values, the common-ion
effect diminishes deliquescence lowering, resulting in higher-than-predicted RH0mix values.
This is because the common ion shared between the two ingredients shifts the individual
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solubilities of the compounds and the resulting solution does not behave as an ideal solution.
To compensate for this shift in deliquescence, a new RH0mix prediction equation was
produced by using a modified Ross Equation to account for the shared ion. The new
equation was proven to be an improvement in predicting the RH0mix of blends with a
common ion.
RH-temperature phase diagrams were generated for hydrate-forming deliquescent
crystalline ingredients. Hydrate phase boundaries were developed for glucose, citric acid,
and sodium sulfate. As temperature increased, the RH0 of the hydrate decreased faster than
the RH0 of the anhydrous form, eventually intersecting. This point was determined to be
the peritectic temperature.

Above this temperature, the hydrate form is no longer

thermodynamically stable. The hydrate phase boundary also increased with temperature
and intersected at the peritectic temperature. The measured phase diagrams and the
determined peritectic temperatures correlated well with previous studies. It was found that
deliquescence of the anhydrous form can occur before hydrate conversion and is an
important boundary below the peritectic temperature as a dramatic increase of moisture
sorption occurs. This was observed in polarized light microscope images and was evident
in moisture sorption kinetics where the anhydrous form would deliquesce and the resulting
saturated solution then converted to the hydrate form. Deliquescence would occur again at
the RH0 of the hydrate, which is higher than the RH0 of the anhydrous form below the
peritectic temperature.
5.2

Future Direction

The goal of the deliquescence measurement study was to provide method
recommendations, and this was successfully completed. However, future investigations
could further evaluate the DDI as it is a new method that is underutilized as a research
technique. In the DVS method, it would not be recommended to investigate the Max Time
settings further because there was strong statistical evidence that the 1.5 and 3hr Max Time
settings were the same. The 1%RH step is the lowest RH step possible due to precision
limitations of the devices. A 0.001%EC setting could be investigated further to see if it
would improve accuracy of the deliquescence measurement. The aw method could be
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explored further using higher number of ingredients and different types of ingredients to
make water-solid ratio recommendations depending on the number and type of ingredients.
The next steps for the study of the common-ion effect on deliquescence lowering
would be to explore blends increasing in complexity beyond the ternary systems. The
ternary blend had a very similar RH0mix as the lowest binary blend RH0mix of the compounds
within the ternary blend. It would be interesting to see if in a blend with 4 or more
ingredients, the aw of the saturated solution remained close to the lowest RH0mix of a binary
blend within the mix. This would show that multi-component blends can be much more
stable if all ingredients had a common ion and would not decrease any further after 3
ingredients.
Additional RH-Temperature phase diagrams of hydrate forming food ingredients
can be generated. Ultimately, these phase diagrams would serve as a reference for storage
facilities to understand critical temperatures and RHs at which phase transitions occur.
Future hydrate forming deliquescent compounds that could be investigated include sorbitol,
β-D-glucose, lactose, maltose, ribose, thiamine HCl, caffeine, and any other food
ingredients that show hydrate forming characteristics.
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Figures A. 1st Derivative (dMass/dRH) of (1.Glucose Anhydrous at 15°C, 2. Citric Acid
Anhydrous at 15°C, 3. Sodium Sulfate Anhydrous at 15°C, 4. Glucose Anhydrous at
25°C, 5. Citric Acid Anhydrous at 25°C, 6. Sodium Sulfate Anhydrous at 25°C, 7.
Glucose Anhydrous at 35°C, 8. Citric Acid Anhydrous at 35°C, 9. Glucose Anhydrous at
45°C) black circle indicates hydrate phase boundary.
.

